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PREFACE. 



This book, like its companion volume on Direct Current 

[ Machines, is primarily intended as a text-book for use in 

I technical educational institutions. It is hoped and be- 

lieverl that it will also be of use to those electrical, civil, 

I mechanical, and hydraulic en^necrs who are not perfectly 

familiar with the subject of Alternating Currents, but whose 

work leads them into this field. It is furthermore intended 

for use by those who are earnestly stmlying the subject 

by themselves, and who have previously acquired some 

proficiency in mathematics. 

There arc several mcth'ids of treatment of alternating- 
' current problems. Any point is susceptible of demonstra- 
tion by each of the methixls. The use of all methods in 
connection w*ith every point leads to coniplexitj-, and is 
undesirable in a book of this chariictcr. In each case ihal 
i method has been chosen which was deemed clearest and 
rmost concise. No use h;is lieen made of the niethwl of 
tnplcx imaginary numljcrs. 
A thorough underslandins "f what lakes place in an 
E alternating-current circuit is not to be easily acquired. It 
la believed, however, thai one who has mastered the first 
four chapters of this book will be able to solve any practi- 
[tal problem conccrninK the relations which oxisi between 
t power, elect m-niotive forccB, currents, and their phases in 
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series or multiple alternating-current circuits containing 
resistance, capacity, and inductance. 

The next four chapters are devoted to the construction, 
principle of. operation, and behavior of the various types of 
alternating-current machines. Only American machines 
have been considered. 

A large amount of alternating-current apparatus is used 
in connection with plants for the long-distance transmission 
of power. This subject is treated in the ninth chapter. 
The last chapter gives directions for making a variety of 
tests on alternating-current circuits and apparatus. 

No apology is necessary for the introduction of cuts and 
material supplied by. the various manufacturing companies. 
The information and ability of their engineers, and the taste 
and skill of their artists, are unsurpassed, and the informa- 
tion supplied by them is not available from other sources. 
For their courteous favors thanks is hereby given. 
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CHAPTER I. 

PROPERTIES OF ALTERNATING CURRENTS. 

1. Definition of an Alternating Current. — An alter- 
nating current of electricity is a current which changes 
its direction of flow at regularly recurring intervals. 
Between these intervals the value of the current may 
vary in any way. In usual practice, the value varies with 
some regularity from zero to a maximum, and decreases 
with the same regularity to 7xto, then to an equal max- 
imum in the other direction, and finally to zero again. In 
practice, too, the intervals of current flow arc very short, 
ranging from r}^ to ^J^ second. 

2. Frequency. — When, as .stated above, a current has 
passed from zero to a maximum in one direction, to zero, 
to a maximum in the other direction, and finally to zero 
again, it is said to have completed one cjr/r. That is to 
say, it has returned to the condition in which it was first 
considered, both as to value and as to direction, and is 
prepared to repeat the process described, making a second 
cycle. It should be noted that it takes two alternations 
to make one cycle. The tilde ( ^ ) is frequently u.sed to 
denote cycles. 

I 
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The term /ni/ueacy is applied to the number yf cycles 
completed in a unit time, i.e., tn one second. Occasionally 
the woid aHernafions is used, in which case, unless other- 
wise specified, the number of alternations per minute is 
meant. Thus the same (.'urrent is spoken of as having a 
frequency of 25, or as having 3000 alternations. The use 
of the word alternations is condemned by good practica 
In algebraic notation the letter / usually stands for the 
frequency. 

The frequency of ;i iiiinmcrci.il aitcrnating current 
depends upon the work cxpaclod of it. For power a 
low frequency is desirable, particularly for convertt^ 
The great Niagara [jowcr plant uses a frequency of 25. 
Lamps, however, are operated satisfactorily only on fre- 
quencies of 50 or more. Harly machines had higher 
frequencies, — 135 and I33 (16,000 alternations) being 
usual, — but these are almost entirely abandoned because 
of their increased losses and their unadaplability to the 
operation of motors and similar apparatus. 

!n the Rejwrt of the Committee on Standardization of 
the American Institute of I^Icctrical Engineers is the 
following : " In alternating-current circuits, the fc4t*w- 
ing approximate frequencies are recommended as tie- 
sirable : • 



35 or 30 



40 



60 



"These frequencies arc already in extensive 
it is deemed advisable to adhere to them as clos 
possible." 

The frequeiicj nf an alternating current is nlivays^ 
of the EJf.J\ producing it. To find the frequejicy of tS 
presstire or t,hc curreat produced bjr oay alteTtutiilg,-a 



PROPERTIES OF ALTERNATING CURRENTS. 



rent generator, if F be the number of revolutions per 
minute, and/ be the number of pairs of poles, then 



/ = / 



60 



3. Wave-shape. ^^ If, in an alternating current, the 
instantaneous values of current be taken as ordinates, and 
time be the abscissa), a 
cur\-e, as in Fig. i, may be 
developed. The length of 
the abscissa for one com- 



plete cycle is- second.s. 
Imagine a small cylinder. 




Fig. X. 



Fig. 2, carried on one end of a wire, and rotated uniformly 
about the other end in a vertical plane. Imagine a hori- 
zontal beam of parallel rays of light to be parallel to the 
plane of rotation, and to cast a shadow of the cylinder on 




Fig. a. 



a j)lane screen jxTpcndicular to the rays. The shadow 
will move up and down, pas.sing from the top of its travel 
to the bottom in a half revolution, and from the bottom 
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back to the top in another half revolution with a perfect 
harmonic motion. Now imagine the screen to be moved 
horizontally in its own plane with a uniform motion, and 
the positions of the shadow suitably recorded on it, — as 
on sensitized jiaper or on 
a photographic film, a 
slotted screen protecting 
all but the desired portion 
from exposure. Then the 
trace of the shadow will 
be as in Fig. 3. The 
abscissae of this curve 
may be taken as time, as in the preceding curve, the ab- 
scissa of one complete cycle being the time in seconds of 
one revolution. Or, with equal relevancy, the abscissa: 
may be expressed in degrees. Consider the cylinder to be 
in a zero position when the radius to which it is attached 
is borizijntal. Then the abscissa of any point is the angle 
which must be turned through in order that the cylinder 
may cast its shadow at that p<jint. In this case the abscissa 
of a complete cycle will be 360°, or 2x. Consideration of 
the manner in which the curve has been formed shows 
that the ordinate of any point is proportional to the sine 
of the abscissa of that point, expressed in degrees. Hence 
this is called a sittusoiil or sine curfc. 

If the maximum ordinate of this curve be taken as F.^, 
and time be considered to commence at the beginning of 
any cycle, then the ordinate l^ at any lime / semnds later 

will be 

/■' = K. sin 2 ^fi. 

which is Wjiiivalcnt to neglecting ail those intervals of 
tiinc corresponding to whole cycles, and considering only 
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the time elapsed since the end of the last conijileted 
cycle. 

As a niimericai example : In an altem3ting.current 

drcuit of 45— and a maximum voltage of 100, what 
will be the pressure at 2\ seconds after the beginning of 
a cycle ? 

/-/= ioosia<i«-X45 >( =-'25) 



E' = — 70.7 volts. 

Since the ordinatcs of the curve may represent eithM 
current or pressure, the expression 

/' = /„ sin -iitfl 
is equally true. 

The ideal pressure curve from an alternator is sin- ^ 
usoidal. Commercial alternators, however, tlo not gene- 
rate true sinusoidal pressures. But the sine cur\'e can 
be trciited with relative simplicity, and the curves of 
practice approximate so closely to the sine form, that 
mathematical deductions based on sine curves can with 
propriety be applied to those of practice. Two of these 
actual curves are shf>wn in Fig. 4. 

The shape of the pressure curve is affected by irr^ular 
distribution of the magnetic flux. Also uneven angular 
T?elocily of the generator will distort the wave-shape, 
malting it, relative to the true curve. lower in the slow 
spots and higher in the fast ones. Again, the magnetic 
reluctance of the armature may vary in different angular 
positions, particularly if the inductors arc laid in a few 
riargc slots. This would cause a periodic variation in the 
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reluctance of the whole magnetic circuit and a correspond 
ing pulsation of the total magnetic flux. All these influ- 
ences operate at open circuit as well as under load. 



CM.F. CURVE 

3 PHASE 

40 POLE 

2000 K.W. 

25 
FULLY LOADED 




E.M.F. CURVE 

SINGLE PHASE 

8 POLE 

600 WATTS 

125 
NOT LOADED 



Fig. 4. 

There are two other causes which act to distort the 
waV)s-shape only when under load. For any separately 
excited generator, a change in the resistance or apparent 
resistance of the external circuit will cause a change in the 



^ROPEKTIIIS OP' ALTKKNATINli CURRENTS, 7 

terminal voltage of the machine. As is explained later, 
the appjirenl resistance (impedance) of a circuit to alter- 
nating currents depends upon the permeability of the iron 
adjacent to the circuit. Permeability changes with mag- 
netization. Now, because an alternating current is flaw- 
ing, the magnetization changes with the changing values 
of current. This, by varying the permeability, sets up a 
pulsation in the impedance and affects the terminal volt- 
age of the machine, periodically distorting the wave of 
pressure from the true sine. 

There are cases of synchronously pulsating resistances. 
The most cimmon is that of the alternating arc. With 
the same arc the apparent resistance of the arc varies in- 
versely as the current. So when operated by alternating 
currents, the resistance of a circuit of arc lamps varies syn- 
chronously, ami distorts the pressure wave-shape in a 
manner analogous to the above. 

Summing up, the wave-shape of pressure may be dis- 
torted : A/ open citrtn't (k we!l as undir load ; by lack of 
uniformity of magnetic distribution, by pulsating of mag- 
netic field, by varialion in angular velocity of armature ; 
and tinder had only ; by pulsation of impedance, by pulsa- 
tion of resistance. And the effects of any or all ni.iy be 
superimposed. 

4. Effective Values of E.M.F. and of Current. — One 
ampere of alternating current is a current y\{ such instan- 
taneous values as to have the same heating effect in a con- 
ductor as one am])cre of direct current, lliis somewhat 
arbitrary definition probably arose from the fact that alter- 
nating currents were first commercially employed in light- 
ling circuits, where their utility was measured by the heat 
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they produced in the filaments ; and further from the fact 
that the only means then at hand of measuring aUernating 
currents were the hot-wire instruments and the electro- 
dynamometer, either of which gives the same indication 
for an ampere of direct current or for what is now called 
an am|Jere of alternating current. 

The heat prctduced in a conductor carrying a current is 
proportional to the square of the current. In an altcrnal- 
ing current, whose instantaneous current values vary, the 
instantaneous rate of heating i.s not proi>ortionaI to the 
r yet to the square of the average 
of the current values, but to the 
square of the instantaneous cur- 
rent value. And so the average 
heating effect is proi«irliona] to 
the mean of the squares of the 
instantaneous currents. 
ThetaveyajTf current of a sinu- 
soidal wave of alternating current, whose maximum value 
is /^ is equal to the area i>f one lobe of the curve, Fig. $, 
divided by its base line v. Thus 




But the heatinji >. 



- = -"[— cosfl]' = 



-':\^-i'-'i'> 



The square root of this quantity is called the ffftctive 
value of the current, / = -^ This haa the same heating 

V2 
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Effect as 3 direct current /, and the effective values : 
[ways referred to unless expressly stated otherwise 

Alternating-current ammeters are designed to read 

effective am|x;res. 

■ Since current is dependent upon the pressure, thi 

resistance or apparent resistance of a circuit i 

ng constant, it is obvious that if / = -" then do( 

E . 2 ^^ ■ 

rIso E = -"■ Likewise if average I = - /„ then does als^ 



obvious that if / : 
Likewise if average / = - /„ 
-Em- Or these maybe demonstrated in.i 



V2 

Lve'rage E = 

nanner analogous to the above. 

The maximum value of pressure is frequently referred 
o in designing alternator armatures, and in calculating 
dielectric strength of in.sulation. There have arisen van- 
ways of indicating that effective values are meant, 
for instance, the expressions, sq. root of mean sq., VP, 
Vmean square. In Hngland the initials R.M.S, are frc- 
ucntly used for root mean square. 
Effective /r..TA^. 



The ratio - 



Average E.M.F. 
lince its value depends uixin 
the shape of the pressure wave. 
For the curve Fig. 6, the form- 
iictor is unity. As a curve be- 
TOes more peaked, its form- 
bctur increases, due to the superior 
: the longer ordinaies. 
In the sinusoid the values found alwvc 
■ 

i'orni-factor = = i . 



is called the fet-ni-fuctor 



eight of the squarQi 
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Probably no alternators give sine waves, but they ap- 
proach it so nearly that the value i.l i can be used in cal- 
culation without sensible error. 

S. Phase The curves of ihc pressure aiul the current 

in a circuit can be plotted Higelhcr, with their respective 
ordinates and common abscissie, as in FifC- 7- In some 
cases the zero and the 
maximum values of the 
current curve will occur 
at the same abscissae as 
do those values of the 
pressure curve, as in Fig. ■ 
?. In such a case the 
current is said to be in f'ltase ivitli tlie |>ressure. In other 
cases the current will reach a maximum or a zero value at 
a time later than the corresponding values of the pressure, 
and since the abscissie are indifferently time or degrees, 
the condition is represented in Fig. 8. In such a case, 
the current is said \*^ be out of pliiise with, and lo lag be- 
biiid the pressure. In 
still other cases the 
curves arc placed as in 
Fig. 9, and the current 
and pressure are again 
out of phase, but the 
current is said to lead ^" *■ 

the pressure. The distance between ihc zero ordinate of 
one sine curve and the corresponding zero ordinate of 
another, may be measured in degrees, and is called the 
angular dhplacemcnl or phase riiffcrfmt. This angle (A 
lag or of lead is usually represented l^ ^ When tmft 
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I curve has its zero ordinate coincident with the mnximiim 
I ordinate of the other, as in Fig, lo, there is a displacement 
' of a quarter cycle (0 = 90")' and the curves are said to be 
at right angles. This 
term owes its origin to 
' the fact that the radii 
whose proj'ecTions will 
' trace these curves, as 
in § 3, are at right 
angles lo each other. 
If the zero ordinates of the two curves coincide, but the 
positive maximnm of one coincides with the negative maxi- 
mum of the other, as in 
Fig. II, then if, =: 180", 
and the curves are in of- 
posit e phase. 

An alternator arranged 

lo give a single pressure 

wave to a Iwvwire circuit is 

sai(! lo be a single phaser, 

and the current in the circuit a single-phase current. 

Some machines are arranged to give presKure to two dis- 

I tinct circuits — each of 

I which, considered alune, 

s a single-phase circuit 

- but the time of maxi- 

m pressure in one is 

; time of itern pres- 

Vbutc in the other, so 

■ that umullaneous prcs- 




Such is said 




\rter^ai 
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system, and the generator is a two-phaser. A three-phase 
system theoretically has three circuits of two wires each. 
The maximum positive pressure on any circuit is displaced 
from that of either of the other circuits by 120°. As the 
algebraic sum of the cur- 
rents in all these circuits 
(if balanced) is at every in- 
stant equal to zero, the 
three return wires, one on 
each circuit, may be dis- 
pensed with, leaving but 
three wires. The three sim- 
ultaneous turves of E.M.F. 
The term polyphase applies to any 
phases. An n-phase system has « 




with successive phase differences 



arc shown in Fig. 13. 
system of two or m^irt 
circuits and n pressure 

of 35= degrees. 

6. Power in Alternating-Current Circuits. — Wiihailireci- 
carrent circuit, the power in the circuit is equal to the 
product of the pressure in vults by the current strength in 
amperes. In an alternating- 
current circuit, the hisfan- 
tanfOHi power is the product 
of the instantaneous values 
of current strength and 
pressure. If the current 
and pressure are out of 
phase there will be some ^*" "' 

instants when the pressure will have a positive value and 
the current a negative value or %Hce rrrxa. At such timcB 
^e instantaneous power will be a negative quantity, i,e,, 
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power is being returned to the generator by the disappear- 
ing magnetic field which had been previously prcxluced by 
the current. This condition is shown in Fig. 14, where 
the power curve has for its ordinates the j^roduct of the 
corresix)ndi ng ordinates of pressure and current. These 
are reduced by multiplying by a constant so as to make 
them of convenient size. 
The circuit, therefore, 
receives power from the 
generator and gives power 
back again in alternating 
pulsations having twice 
the frequency of the gen- 
erator. It is clear that 
the relative magnitudes ^^' ^' 

of the negative and positive lobes of the power curve will 
vary for different values of <^, even though the original 
curves maintain the simie size and shape. So it follows 
that the p)wer in an alternating-current circuit is not 
merely a function of /: and /. as in direct-current circuits, 
but is a function of /:", A and <^, and the relation is deduced 
as follows : — 

Let the accent (') denote instantaneous values. If the 
current lag by the angle <^, then from § 3, 

/s" — K^^^ sin a, 
where, for convenience, 

(1=2 77 /?, 

and ^' = /», ^^i" <'* - <^)- 

Remembering that 

E / 

K = - 7"' and / — '" < § p the instantaneous ])(»\\er, 

I^ = FJ r = 2 EI sin (I sin (a - ^). 



14 
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But sin (a — <^) = sin a cos <f> — cos a sin <^, 

so Z^' = 2 £/ (sin* a cos <^ — sin a cos a sin <^). 

Remembering that <^ is a constant, the average power 
over i8o^ 

2JS/C0S <f> r* . « . 2^ /sin <f> 



1" = 



— ^ I sin a cos a{/a 
Jo 



f sin^cu/a — 

V Jo V 

2 £/cos <h Vi I . ~l» 2i5'/sin<iri . „ 1' 

= ~ -a sin 2 a ~ sin'' a . 

^ 12 4 Jo ^ [2 Jo 

jP = EI cos <^. 

Should the current lead the pressure by <^°, then the 
leading equation would be 

P' =-2 is/ sin a sin (a -j- <^), 

which gives the same expression, 

P = ^/cos <f>, 

which is the general expression for power in an alternating- 
current circuit. 

Since, to get the true power in the circuit, the apparent 
power, or volt-amperes, must be multiplied by cos <(>, this 
quantity is called \\iQ, power factor oi the circuit. If the 
pressure and current are in phase, <^ = o°, and the power 
factor is unity. 
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CHAPTFR II. 

SELF-INDUCTION. 

7. Self-Inductance. — The subject of inductance 

briefly treated of in § 15, vol, i., of this work ; but. sim 

L is an essential part of alternating-currenl phenomena, it 

I will be discussed more fully in this chapter. When lines 

^ of force are cut by a conductor an EM. P. is generated in 

n that conductor (§ 13, vol. i.). A conductor carrying cur- 

I rent is encircled by lines of force. When the current is 

•■ first started in such a conductor, these lines of force must 

be established. In establishing itself, each line is con^ 

sidered as ha\ing cut the conductor, or, what is equivalent, 

been cut by the conductor. This notion of lines of force 

is a convenient fiction, <lesigned to render an undcrstand- 

[ ing of the subject more easy. To account for the E.M.F. 

lof self-induction, the encircling lines must be considered 

i cutting the conductor which carries the current that 

Stablishes them, during their establishment, !t may be 

msidcred that they start from the axis of the conductor 

X the moment of starting the current in the circuit ; that 

[hey grow in diameter while I he current is increasing ; that 

Ithey shrink in diameter when the current is decreasing; 

land that all their dbmeters reduce ti- xero upon stopping 

Rthe current. At any given current strength the conductor 

1 surrnimdcd by many circular lines, the circles having 

fcarious diameters. I'poii decreasing the strength those a 
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smaller diameter cut the conductor and disappear into a 
point on the axis of the conductor previous to the cutting 
by those of larger diameter. The number of lines accom- 
jjanying a large current is greater than the number accom- 
panying a smaller current. 

The E.M.F. of self-induction is always a eonnttr E.M.F, 
By this is meant that its direction is such as to tend to 
prevent the change of current which causes it. When the 
current is started the self-induced pressure tends to oppose 
the flow of the current and prevents its reaching its full 
value immediately. When the circuit is interrupted the 
E.Af.F. of self-induct ion tends to keep the current flowing 
in the same direction that it had originally. 

8. Uoit of Self-Inductance. — The stlf-indnetance, or 
the coeffiiicnt ff self-hidiictioii of a circuit is generally rei> 
resented by /- or /, and is that constant by which the time 
rate of change of the current in a circuit must l>c multi- 
plied in order to give the E.M.F. induced in that circiut. 
Its absolute value is numerically equal to the number of 
lines of force linked with the circuit, per absolute unit of 
current in the circuit, as is shown below, Hy linkages, or 
number of lines linked with a circuit, is meant the sum 
of the numl>cr of lines surrounding each portion of the 
circuit. For instance, a coil of wire consisting of ten 
turns, and threaded completely through by twelve lines 
of force, is said to have 120 linkages. 

The absohite unit of self-inductance is too small for 
ordinary purposes, and a practical imit, the lienry, is used. 
This is 10' times as large as the c. <:. s. or absolute unit. 

The I'aris electrical congress of 1900 adopted as the 
tmit of magnetic dux the maxwell, and of flux density; 1 



SELF-INDUCTION, 1/ 

A majtwetl is one line of force. A gauss is one 
line of force per square centimeter. If a core of an electro- 
magnet has a transverse cross-section of 30 sq. cm., and is 
uniformly permeated with 60,000 lines of force, such a 
Dire may be said to have a fliLX of 60,000 maxwells and a 
flux density of 2000 gausses. 

In § 1 3, vol, I., it has been shown that the pressure gene- 
rated in a coil of wire when it is cut by lines of force is , 
_ w</* 

where n is the number of turns in a coil, and where e ii 
measured in c. li. s. units, * in maxwells, and / in seconds. 
In a simple case of self-induction the maxwells set up are 
due solely to the current in the conductor. Now let A' be 
a constant, dependent upon the permeability of the mag- 
netic circuit, such that it represents the number of max- 
wells set up per unit current in the electric circuit ; then, 
indicating instantaneous values by prime accents, 

*' = A7', 
and "* = AV/, 

The E.M.F. of self-induction may then he written 

„ di 
^, = — Kh -. ■ 

dl 

By the definition of the coefficient of self-induction, 
whose c. (i. s. value is represented by /, 



From the last two equations, it is seen that / = Ka. Kn is 
\ evidently the numbi-r of linkages jHrr absolute unit current 
I The negative sign indicates that the pressure is counter 

\b.m.p. 
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In practical units, 



E,==- L- 



A circuit having an inductance of one heiirj' will have a 
pressure of one volt induced in it by a uniform change of 

current of one ainiaere ikt st-cund. 



9. Practical Values of Inductances. — To give the stu- 
dent an idea of the values of self-inductance met witli in 
practice, a number c)f examples are here cited. 

A pair of ciipjier line wires, say a telephone pi>]e luie, 
will have from two to four milhenrys (.002 to .004 henrys) 
per mile, according to the distance between them, the 
larger value being fur the greater distance. 

The secondary of an imiuction coil giving a 2" spark has 
a resistance of about 6000 ohms and 50 henrys. 

The secondary of a much larger coil has 30,000 ohms 
and about 2000 henrj-s. 

A telephone call bell with about 75 ohms has 1.5 henrys. 

A coil found very useful in illustrative and quanlitive 
experiments in the alternating-current laboratory is of the 
following dimensions. It is wound on a pasteboard cylinder 
with wooden ends, making a sjkkiI 8.5 inches long and 2 
inches internal diameter. This is wound to a depth of 1.5 
inch with No. 16 B. and S. double cotton-covered copjjcr 
wire, there being about 3000 turns in all. A bundle of 
iron wires, 16 inches long, fits loosely in the hole of the 
spool. The resistance of ihe coil is 10 ohms, and its In- 
ductance without the core is 0.2 henry, With the iron 
core in place and a current of abotU 0.2 amiKTC, the induc- 
tance is about 1,75 henrys. This coil is referred lo again 
, in § n. 
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The inductance of a spool on the field frame of a gene- 
rator is numerically 

*// 

where * is the total flux from one pole, // the number 
of turns per spool, and If the field current of the machine. 
It is evident that the value of L may vary through a wide 
range with different machines. 

10. Things Which Influence the Magnitude of L. — If all 

the conditions remain constant, save those under considera- 
tion, then the self-inductance of a coil will vary : directly as 
the square of the number of turns ; directly as the linear 
dimension if the coil changes its size without changing its 
shape ; and inversely as the reluctance of the magnetic 
circuit. 

Any of the above relations is apparent from the follow- 
ing equations. The numerical value of the self-induc- 
tance is ^ 

/ = // . • 

As shown in Chapter 2, vol. i., 

_ M.M.F. _ 4 TT/// 
reluctance c 

where c is the mean length in centimeters of the magnetic 
circuit, A its mean cross-sectional area in square centi- 
meters, and /I is permeability. 

Then, if cR stand for the reluc tance, 

, // 4 Tfii , A 4 TT/r 

/ = . • =4 TT/ru — ^ , 

^A 
which is independent of /'. 
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If, as is generally the case, there is iron in the magnetic 
circuit, it is practically impossible to keep ft constant if any 
of the conditions are altered ; and it is to be particularly 
noted, that with iron in the magnetic circuit, L is by no 
means independent of /. 

II. Growth of Current in an Inductive Circuit. — If a 
constant E.M,F, be applied to the terminals of a circuit 
having both resistance and inductance, the current does 
not instantly assume its full ultimate value, but logarith- 
mically increases to that value. 

At the instant of closing the circuit there is no current 
flowing. Let time be reckoned from this instant. At 
any subsequent instant, / seconds later, the impressed 
E.M.F. may be considered as the sum of two parts, E^ 
and Er, The first, E^, is that part which is opposed to, 
and just neutralizes, the E.M.F, of self-induction, so that 

but ^• = "~^v;' 



so Ey = L 



(it 
dl 



dt 



The second part, Ery is that which is necessary to send 

current through the resistance of the circuit, according to 

Ohm's Law, so that 

E, = RL 

If the impressed E.M.F. 



then 




{E - RI) dt = Z///, 


and 


dt^^. 


L ^^ L Rdl 
■ dl = — • - 



E-RI R E-RI 
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Integrating from the inituil condUioiis /=o, /=o to any 
- conditions / = /, /^/', 



and 




/' = 



where- ( is the base of the natural system ol logarithms. 

This equation shows that the rise of current in such a 
circuit is along a logarithmic curve, as staled, and that when 
/ is of sufficient magnitude to 
render the term t i- negli- 
gible the current will follow 
Ohm's Law, a condition that 
agrees with observed facts. 

Fig. 15 shows the curve of 
growth of current in the coil = " ■* ■•* ■^^"b*'*'"" " ' 
referred to in § g. The curve "c «. 

is calculated by the above formula for the conditions 
[ noted. 

The ratio -' is called the timi' ionslatit of the circuit, 

I for the greater this ratio is. the longer it takes tlie current 
[ tu obtain its full ultimate value. 




13. Decay of Current in an Inductive Circuit. — If a cur- 
I rent lie (lowing in a circuit containing inductance and rc- 
l-sistance, and the sujjply of E.M.F. be discontinued, 
L mthout, however, interrupting the continuity of the circuit, 
Itbe current wQl nut cease instantly, but the E.MJ'. of 
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self-induction will keep it flowing for a time, with values 
decreasing according to a logarithmic law. 

An expression for the value of this current at any time, 
/ seconds after cutting off the source of impressed 
E,M.F., may be obtained as in the preceding section. Let 
time be reckoned from the instant of interruption of the 

impressed E,M,F, The current at this instant may be 

E 
represented by -p, and is due solely to the E,M,F, of self- 
induction. 

Therefore, from Ohm's Law, 



dt = - 



L 



(it 
dT 



K I 



Integrating from the initial conditions ^ = o, /= , to 
the conditions, / = /, I = J\ 




DECAYING CURRENT 

E.M.F.-0 
R-10 
L-.2 
1-10 






R 



.01 .02 .03 .04 .Oft .0« .07 .08 .00 .1 

sEcoNoe 



and 



Fie. x6. 



/ = 


z 


log 


R 


/'= 


F. _ 


-f' 


•» 



which is seen to be the term that had to be subtracted in 
the formula for growth of current. This shows clearly 
that while self-induction prevents the instantaneous attain- 
ment of the normal value of current, there is eventually no 
loss of energy, since what is subtracted from the growing 
current is giver back to the decaying current. 

Fig. 1 6 is the curve of decay of current in the same cir- 
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cuit as was considered in Fig. 15. The ordinates of the 
one figure arc seen to be complementary to those of 
the other. 

13. Magnetic Energy of a Started Current. — If a cur- 

rent / is flowing under the i)ressure of li volts, the power 

expenditure is EI watts, and the work }>erf()rmed in the 

interval of time dt is 

dW = lildt. 

But in a coij of ;/ turns, the E.M,F. induced by a change 
of linkages is 

I o" (ft 

Substituting, 

dlV = - "-^ ii^, 
10** 

If the circuit have a constant jKTmeability, 

so d1F= -LLU. 

Integrating through the full range, from o to //'and from 
o to /, 

/ ,//( ' = - / I IdL 

/f'= _ )JJ\ 

Which is an expression for the work dcMie upon the mag- 
netic field in starting the current. When the current is 
stopped the work is done by the field, and the enerL,^y is 
returned to the circuit. 

This formula assumes the value of L to Ix* constant dur- 
ing the rise and fall of the cuirent. If there he iron in 
the magnetic circuit the relation ;///<!> = Idi I)ec(>mes ////* 
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= /V//, /' being also a variable ; but an average of the val- 
ues of /' throughout the range may be called /, and the 
formula for energy stored in the field holds true. 

Since iron has always a hysteretic loss, some of the 
energy is consumed, and the work given back at the dis- 
appearance of the field is less than that used to establish 
the field by the amount consumed in hysteresis. 

14. Current Produced by a Harmonic E.M.F. in a Cir- 
cuit Haying Resistance and Inductance. — Given a circuit 
of resistance R and inductance L upon which is impressed 
a harmonic E.M.F, E of frequency /, to find the current 
/ in that circuit. 

Represent by w the quantity 2iff. 

At any instant of time, /, let the instantaneous value of 
the current be /'. 

To maintain this current requires an E.M.F. whose value 
at this instant is I' R. Represent this by E'r^ 

From § 3, in a harmonic current, 

/' = I^^ sin o)/, 
hence, E^ = RI,n sin <o/. 

Evidently E' has its maximum value RI,^ = E„^ at o)/ = 90° 
or 270°, and its effective value is E^ = Rf- 

The counter E.M.F. of self-induction at the same instant 
of time, /, is 

But as before, /'= ^ sin w, 

so dl' = w/^ cos to)/ ///, 

and ^/ = - **^/« cos o>/. 



SELF-INDUCTION. 



2S 

^LU =n„ at 



Kvidently El has a maximum value of 
fo^ = o" or 180°, and its effeciivu vakii; 
£, = - «LI. 
It is clear that the impressed E.M.F. must l)e of such 
H value as to neutralize E, and also supply E,. Bui these 

pressures cannot be simply 
(dded, since the maximum value of 
nc occurs at the zero value of the 
Kher; that is, they are at right 
glcs to each other, as defined in 
i 5, Reference to Fig. 17 will 
lake it clear that combining these at right angles will \ 
Kve as a resultant the pressure VA',' + A",' ; and it is this 
■cssure that the impressed E.M.F. E must equal and 
(pptise. So 




which 



F. = V(/iV)' + (u.Z/)>. 



\1/^ + Jl* 



This is a formub which must be used in place of Ohm's 
aw when treating inductive circuits carrying harmonic 
It is evident that, if the inductance or the fre- 
mcy be negligibly small (direct current has / = o). the 
tnula reduces lo Ohm's Law ; but for any sensible val- 
s of to and L the current in the circuit will he less than 
lat called for by Ohm's l^w. 

The expression V^' + «'?.' is called the imptdame of 

s circuit, and also the apparent resistam^f. The term R 

k of course called resisMnct; while the term u./,. which is 

%T/t,, is allied the reactatue. Both arc measured in ohms. 

k The effective value of the counter E.Af.f. of seU-induo-J 
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tion can be determined as follows, without employing the 
calculus; that it must be combined at right angles with 
Rl is not directly evident. Disregarding the Uweclion of 
flow, an alternating current ( reaches a maxinnim value /„, 
2f times per second. The maximum numlier of lines of 
force linked with the circuit on each of these occasions is 
//„. The interval of time, from when the current is zero 
with no linkages, to when the current is a maximum with 
/i„ linkages, is — j second. The average rate ot ciitling 

lines, then, is 

4/ 
self-induction during the interval. It haj 
during succeeding equal intervals ; i.e.. 



4 



4/ 

The effective value is (§ 4) therefore, 
f, = - 2 T>//: = nli. 
and in practical units. 

£,= - 1 ,/LI. 

Since the squares of the quantities R, L, and u enter 
into the expression for the impedance, if one, say R, is 
racnterately small when compared with /, or oj. its square 
will be negligibly small when compared with /.' or oj'. The 
frequency, because it is a part of w, may be a considerable 
factor in determining the impedance of a circuit. 

Having recourse once again to the harmonic shadow- 
graph described in g 3, the phaite relation between im- 
pressed E.M.P. and cnrrcnt mny be made plain. It has 
already been shown that E, oiid E, are at right angles to 
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[■ each other. Since iIm; pressure /:, is the part of the im- 
i pressed E.M.!-. which iseiKls the current, the current must 
1 be in phase with it. Therefurc there is always a phase 
I displacement of 90^ between / and E, This relation is 
\ aUo evident from a consideration <tf the fact that when / 
I reaches its maximum value it has, for the instant, no rate 
I of change ; hence the tlux, which is in phase with the ciir- 
1 rent, is not chanjiiny, and consequently the E.M.F. of self- 
I Induction must be, for ihc instant, zero. That is, / ismaxi- 
|,ruum when H. is zero, which means a displacement of 90°. 
In Fig. iS the triangle of EM.F.'s of Fig. 17 is altered 
■ to the corres[X)nding parallelogram of E.M.F.'s. and the 
1 maximum values substituted for the effective. It now the- 
I parallelogram re- 
'olve about the 
I center o, the 
I traces of the har- 
Inionic shadctws of 
|tbc extremities of 
[£„ E,„ and E„ 
Iwill develop as 
Uhown. It is evident that the curve E,' — and so also thc^ 
|Curve of current -- lags behind the cunc E' by the angld 
It is clear that the magnitude of ^ deiwnds uj)on tlM 
Ifelative values of /. and R m the circuit, the exact rclatk 
kitng derived from the trbngle of forces. 




'""*-, 



■/-/ 



../ 



^':. 
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of the volts actually engaged in sending current to the 
viilts impressed in the circuit, and this ratio is ug-ain equal 
to the power-factor as stated in § 6. 

15. Choke Coils. — The term choke coil is applied to 
any device designed to utilize counter electromotive force 
of self-induction to cut down the flow of current in an 
alternating-current circuit. Disregarding losses by hyster- 
esis, a choke coil does not absorb any power, except that 
which is due to the current passing through its resistance. 
It can therefore be more economically used than a rheostat 
which would perform the same functions. 

These coils are often used on alternating-current cir- 
cuits in such places as resistances are used on direct- 
current circuits. For instance, in the starting devices 
employed in connection with altcrnating<urrent motors, 
the counter E.M.F. of inductance is made to cut down the 
pressure applied at the motor terminals. The starter for 
direct-current motors employs resistance. 

Since a lightning discharge is oscillatory in character 
and of enormous frequency, a coil which would offer a 
negligible impedance to an ordinary' alternating current 
will offer a high imiKdance to a lightning discharge. This 
fact is recognized in the construction of lightning arresters, 
A choke coil of but few turns will offer so great an impe- 
dance to a lightning discharge that the high-tension, high- 
frequency current will find an easier path to the ground 
through an air gap suitably provided than through the 
machinery, and the latter is thus protected. 

Chnkc coil-t are also used in connection with alternating- 
current incandescent lamps, (o varj' the current ]iassing 
tt>n?Wdl them, and ip coMttnicnce to vary tbebrilliancT. 
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i6. Condensers Any two conductors separated by a 

t didcctric cunstitiite a condenser, in practice the word is 
I generally applied to a adlection of thin sheets of metal 
separated by thin sheets of dielectric, every alternate 
I metal plate being connected to one terminal of the instru- 
ment, the intervening plates In the other terminal. The 
Leyden jar is also a common form of condenser. 

The office of a condenser is to store electrical energy by 
I utilizing the principle of electrostatic induction. If a con- 
tinuous E.M.F. be applied to the terminals of a condenser, 
; a current will flow, large at first and gradually diminish- 
ing, till the plates of the condenser have been charged to 
I itn electrostatic difference of potential that equals and 
\ opposes the elect rodynamic pressure applietl. Then there 
I Is a balance of F..M.F.'%. and no current will flow if there 
be no leakngir. 

A frequent misconception as to the capacity of a con- 
denser is that it is eijiial to the quantity of electricity it 
will hold. The quantity of electricity a given condenser 
I will hold is directly proijortional to the tension of the 
Icharge, and a considetntion of this fact leads to the follow* 
J definition : 

e capacity of a condenser is numerically equal to the 
\ dcctri^ty wilh which it must be charged ia 
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order til raise the poteiiti;il diffL-rt-nce hctwoeii ils Icrmiiutls 
from zero to unity. 

If the quantity and potential be measured in c. a. s. 
units, the capacity, f, will be in c. u.s. units. If practical 
units be employed, the capacity, c, is expressed in farads. 
The farad is the practical unit of cajiacity, A condenser 
whose potential is raised one voll by a charge of one cou- 
lomb has one farad capacity. The farad is lo"' times the 
absolute unit, and even then is too large to conveniently 
express the magnitudes encountered in practice. The 
term microfarad (mniluiuf farad) is in most general 



In electrostatics, both air and glass arc used as dielec- 
trics in condensers ; but the mechanical difficulties of con- 
struction necessitate a low capacity |)er unit volume, and 
therefore render these substances impracticable in electro- 
dynamic engineering. Mica, although it is exjiensive and 
difficult of manipulation, is generally used aa the diclcelric 
in standard condensers and hi those which are iniendcd to 
withstand high voll;iges. Many commercial condensers 
are made from sheets of tinfoil, alternating with slightly 
larger sheets of paraffined jKiper. Though not so good as 
mica, i^araffin will make a good dielectric if properly 
treated. It is essential that all the moisture be expelled 
from the paraffin when emjiloycd in a condenser. If it is 
not, the waier parlicles are ahemalcly aiti-actai and 
repelled by the changes of piitcntial on the contiguous 
plates, till, by a purtly mechanical action, a hole \s worn 
completely through the dielectric, and the whole condenser 
rendered useless by short-circuit. Ordinary iraper almost 
invariably contains small particles of metal, ivhich liectime 
detached from the c al e inia r rolls ummI in inatiufacui 
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These occasion short-circuits oven when the paiwr is 
iloubled. 

A distinctly different form of condenser is the electro- 
lytic condenser. It consists i)f two electrodes dipping 
into an electrolyte, as, for instance, two carbon electrodes 
in zinc sulphate. A charge of electricity will deposit 
zinc upon one ulcctrodc and set up an E.M.F, of polartza- 

■ lion. Such condensers should not be subjected to volt- 
lagcs in excess of their UJf.F. of prjlarization. Electro- 
I lytic condensers huve about the s;ime volume as other 
I condenscfH of the same volt-ampere capacity. 

The niaximura voltaye that may be applied to a con- 

[ denser is limited by the dielectric strength of the material 

employed. If this Umit be exceeded, the dielectric will 

be rupturetl, which renders the condenser useless. The 

uhmic resistance of condenser dielectrics is not infinite. 

■ There is always a leakage from one charged plate to the 
Lothcr through the insulation and over its surface. Poor 
* Insulation may occasion a considerable loss, which appears 

as heat in the apparatus when in use. There is also a 
' dithctric hysteresis which is analogous to magnetic hystere- 
in inm. A dielectric with a high hysleretic constant 
tmay consume considerable power when in use, which will 
I also appear as heat. 

The capacity of a condenser may be calculated by u.sing 
Ithe following formula : — 

C= .000225 ■■^'' I 



aeit)- in micTof^rnd.s. 
n of dielectric Ix-twc 
1 s(iuai£ JnchtiH, 
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« = number of sheets of dielectric, 
/ = thickness of dielectric in mils, 
i = specific inductive capacity of dielectric as obtained 
from the following table. 






Glass . . . 
Ebonite . . 
Gutta-percha 
Paraffin , 
Shellac . , 
Mica . . . 
Beeswax . , 
Kerosene 




17. ConnectlOQ of Condensers in Parallel and in Series. 

-Condensers may be cunncctod in parallel as in Fig. 19. 

c, If the capacities of the imliviciiial 

condensers be respectively C^, C^, T,, 
elc, the capacity C of the combina- 
tion will be 

c = c, + c, + c, + ■ - ■ ■ 
The parallel arrangement of sev- 
^'' "■ eral condensers is equi\'aleiit to in- 

creasing the number of plates in one condenser. An 
increase in the number of plates results in an increase in 
the quantity of electricity neces.s3ry to raise the i>ilential 
difference between the terminals of the condenser one, 
volt ; that is, an increase in the capacity results. 

If the condensers be connected in series, as in Kig.fl 
the capacity of the combination will be 
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Vor, if a quantity of positive electricity, Q, flow into tlu 
[ left side of C^, it will induce and keep bound an equal n^ 
[ alive quantity on the right side of C^, and will repel an ' 

equal positive quantity. This last quantity will constitute 
I the charge for the 
i left side of 
I The operation is 
[ repeated in the 
I case , of each of 

[ the condensers. It is thus clear that the quantity i 
L charge in each condenser is Q. The impressed E.Af.P 
rmust consist of the sum of the potential differences on thi 
I separate condensers. Let these differences be respectively 
f £„ Jij, £,, etc. Then the impressed E.M.F. 

/i =E^ + Ji, + l-^ + . - ■ . 

^'-c: ^''~c: ^'~c: ^'' 






c, ''" q "'' c, "*" " ' ■ 

As an example, consider three condensers of respective 
Ecaiiacitics of t, 2, and 5 microfarads. Since the factor C 
li reduce to farads will appear on both sides of the cqiiationsj 
Bit may here be omitted. With the three in multiple (Fi« 
Tig), the capacity of ihc combination will be 
C = I + a + 5 j= « ml. 
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With the three in scries (Fig. 20), 



C 



'4-i + i 
1 2 5 



= .588 nif. 



With the two smaller in parallel and in series with the 
larger (Fig. 21), 



C=— = 1.87c mf. 

I I '^ 



I-f-2 5 



r-C 



c, 



Ci 



Fig. ai. 



Cs 

Pig. aa. 



With the two smaller in series and in parallel with the 
larger (Fig. 22), 



C = 



I I 

- -f 
1 2 



-f- 5 = 5.666 mf. 



If with any condensers 

Ci = C.J = Cs = • • • • = C„, 
then, with // in multiple, 

C = flCly 

and with ;/ in series, 

It is interesting to note that the formulas for capacities 
in parallel and in series respectively are just the reverse of 
those for irsistanccs in parallel and in series respectively. 

18. Growth of Current in a Condensive Circuit. — The 
opposition to a flow of current which is caused by a con- 
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denser is quite different from that which is caused by a 
resistance. To be sure, there is some resistance in the 
leads and condenser plates, but this is generally so small 
as to be negligible. The practically infinite resistance of 
the condenser dielectric does not obstruct- the current as 
an ordinary resistance is generally considered to do. The 
dielectric is the seat of a polarization E.M.F. which is de- 
veloped by the condenser charge and which grows with it. 
It is a counter E.M.F. ; and when it reaches a value equal 
to that of the impressed voltage, the charging current is 
forced to cease. 

To find the current at any instant of time, /, in a circuit 
(Fig. 23) containing a resistance A^ and a capacity C, the 
constant impressed pressure F. must 
be considered as consisting of two 
variable parts, one R,, being active 
in sending current through the re- 
sistance, and the other part, Zf^, ' -|i|ili|i 

being required to balance the po- p^g, ,3^ 

tential of the condenser. Then at 

all times 

E = k; -h A..'. 



=> 



Let time be reckoned from the instant the pressure 7: is 

F 
applied ; when, therefore, / = o and /,, = . Consider the 

A^ 

current at any instant of time to be /'. Then if it flow 

for lit seconds it will cause dO coulombs to traverse the 

circuit, and 

r=''^ or ,iQf =^ I'M. 
iit ^ 



from which 



(/= T/V/. 
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By definition, 



therefore, 






ijr,t 



' ~ c ~ c 



And by Ohm's Law, 

e; = r R, 

so at this instant of time 



E=E;+Ej = rii + 






whence 



EC = HCI 



'^P'"' 



which upon differentiating, becomes 



Integrating 



o = RCdr + / V/. 

t = -Rcliogr-\og^ 



CONDENSER 
CHAROINQ CURRENT 

£.100 V. 
R-10 
C — 2 MF. 
..000003 F. 




Solving for /', 



E _1_ 



which is the expression 
sought. Like the corre- 
sponding expression for an 
inductive circuit, it is loga- 
rithmic. 

Fig. 24 is a curve showing the growth of current in a 
condenser for the conditions indicated. 



MILUONTHS OF A SECOND 

Fig. 24. 



CAPACITY. 



37 



19. Condensers in Alternating-Current Circuits — Hy- 
draulic Analogy. — Imagine a circuit consisting of a pipe 
through which water is made to flow, first one way, then 
the other, by a piston oscillated ])ump-like in one section 
of it. The pipe circuit corresponds to an electric circuit, 
the pump to a generator of aUcrnating E.M.F., and the 
flow of water to a flow of alternating current. Further 
imagine one section of the pipe to be enlarged, and in it 
placed a transverse elastic diaphragm. This section cor- 
responds to a condenser. Its capacity with a unit pressure 
of water on one side depends upon the area of the dia- 
phragm, its thinness, and the elastic co-efficients of the ma- 
terial uf which it is made. In a condenser the capacity 
depends upon the area of the dielectric under strain, hs 
thinness, and the specific inductive capacity of the dielec- 
tric employed. As the water surges to and fro in the 
pipe, some work must be done upon the diaphragm, since 
it is not perfectly elastic. This loss corresponds to the 
loss in a condenser by dielectric hysteresis. The fact that 
the diaphragm is not absolutely impervious to water cor- 
responds to the fact that a dielectric is not an absolute 
electric insulator. As the dbphragm may be burst by too 
great a hydrostatic pressure, so may the dielectric be rup- 
* tured by too great an clastic pressure. 



20. Phase Relations. — To understand the relation be- 
tween pressure and current in a condensivc circuit, con- 
, sider the above analogy. Imagine the diaphragm in its 
I TDCtlial position, with equal volumes of water on cither side 
I of it, and the piston in the middle of its tmvcl. Tliis 
I middle point corresponds to zero pressure. When the pis- 
\ ton vt, completely depressed, there is a maximum negaliv 
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pressure, when completely elevated, a maximum positive 
pressure, if pressure and flow upward be considered in the 
positive direction. If the piston oscillate in its path mth a 
regular motion, it is clear that the wiUcrwiil How upward 
from the extreme lowest to the extreme hifjhest position of 
the piston. That is, there will be flow in the positive direc- 
tion from the maximum negative to the maximum positive 
values tif pressure. The direction of flow is seen to 
remain unchanged while the piston passes through its 
middle position or the point of zero pressure. 

Returning to electric phenomena, if a liarmonic /i.Af.F. 
be impressed upon any circuit, a harmonic current will 
flow in it. So in a cir- 
Vi cuit containing a con- 

denser and suhject to a 
sinusoidal E.Af.F., the 
current flow will be sinu- 
soidal. This flow will be 
in the positive direction 
from the negative maximum to the iwsitive maximum of 
pressure, and in a negative direction from the positive 
maximum to the negative maximum, as described above. 
This necessilates thai the zero values of current occur at 
the ma.\imum values of pressure ; and since the curves are 
both sinusoids, their relation may be plotted as in Fig, 25. 
It is immediately seen thai these curves arc at right 
angles, as descrdictl in § 5, and that the current leads the 
pressure by 90". 

Reference again to tlie hydraulic analogy will show that 
the condenser is completely charged at the instant of 
maximum positive pre«ure, discharged at the instant of 
ecro pressure, charged in th^flggn^^^l^^y?'^ ^^ ^ 
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stant of maximum negative 
pressure, and finally dis- 
charged at the instant of 
the next zero pressure. 
Thus the charge is zero at 
the maximum current flow, 
and at a maximum at zero 
current, that is, when the 
current turns and starts to flow out 
marked in Fig. 26. 
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Fig. 26. 



These points are 



21. Current and Voltage Relations. — If a sinusoidal 
pressure E of frccjuencyy be impressed upon a condenser, 

the latter is charged in - • seconds, discharged in the 

next - seconds, and charged and discharged in the oppo- 
4/ 

site direction in the equal succeeding intervals. The 
maximum voltage /f,„ = V2/f (§4), hence the quantity at 
full charge is 

a. = V2 EC, 

The quantity flowing through the circuit per second is 

4/(?. - 4/ V.' EC. 
This number therefore re|)resents the average current, or 

/,.. = 4 -J2fEC 
From § 4, the effective current 



whence 
and 



2 \i 

J = 2 irfCE. 

E^ ' I 

1 irJL 
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The last is an expression for the volts necessary to send 
the capacity current through a circuit. The expression 

— -^ is called the capacity reactance of the circuit. It is 

2 tt/ 6 

analogous to 2 w/Z, the inductance reactance of an induc- 
tive circuit. 

If the circuit contain both a resistance R and a capa- 
city C the voltage E impressed upon it must be considered 
as made up of two parts, E^ which sends current through 
the resistance and is therefore in phase with the current, 
and Eci which balances the counter pressure of the conden- 
ser and is therefore^ 90° behind the current in phase. 

By Ohm's Law 

E, = RI, 

and from above 



^c = 



ZirfC 



I. 



The impressed E must overcome the resultant of these 
two E.Af.E.'s; and since they are at right angles 



E^^-RI 




£=. 'sIe,^-\-E,\ 



/ = 



E 



Fig. 37. 



v'-^+fe 



The relation of the E.A/.E's is shown graphically in 
Fig. 2^, where the current, which is in phase with the 
pressure E,., is seen to lead the impressed pressure by the 
angle <^. 

22. Resistancey Inductance, and Capacity in an Alter- 
nating-Current Circuit. — The general case of an alter- 
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nating-current circuit is one that contains resistance, 
I inductance, and capacity. To derive the expression for 
I current flow in such a circuit, it is but necessary to com- 
I bine llie results already found ; and this is most readily 
I done graphically. In § 14 it was shown that the counter 




E.M.F. due to the inductance reactance of a circuit is 
2-irfL, and leads the current by 90°. In §21 it was shown 

that the E M.F. of canacitv reactance of a circuit 15 tt. 

^ 2 w/C 

I and lags behind the current by 90°. These two E.M.F.'a 

I are, then, in exactly opposite phases, or 180° apart, and 




Flj. «. 



I the resultant reactance is merely their numerical difference. 
I These relations nre shown in Fig. 28, where the reactance 
I of inductance is greater than that of condcnsancc, and in 
;. 29, where the latter excx-eds the former, the resistance 
■ the same in either case. Clearly the impedance 
B £iom tbti three kcturs Rt L, and C is reprcscntoi 
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in direction and in magnitude by the hypothenuse as shown, 
and the impressed pressure is proportional to this quantity. 
The general expression for the flow of an alternating 
current through any kind of circuit is therefore 



/=- 



/ r I T 



the quantity within the brackets indicating an angle of lag 
of current if positive, and an angle of lead if negative. 

23. Resonance. — If in a circuit containing inductance 
and capacity as well as resistance, the two former are 
proportioned so that 

I 



2 tt// = 



2 Tt/C^ 



the expression 



/ = 



E 



y A'- -f L/ 



U) 



c 



reduces to 



/ = 



E 

A' 



the capacity being of a proper magnitude to balance induc- 
tance. At one instant energy is being stored in the field 
at the same rates it is being given to the circuit by the con- 
denser, and at another instant energy is being released 
from the field at the same rate as it is being stored in the 
condenser. 

When this condition prevails, rcsotiaticc is said to be 
attained, or the circuit is said to be /;/ tunc. 

If the capacity and inductance be in parallel, enormous 
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currents may flow between the two. This is because the 
two are balanced, and the one is at any time ready to 
receive the energy given up by the other ; and a surging 
once started between them receives periodical increments 
of energy from the line. This is analogous to the well- 
known mechanical phenomena that a number of gentle, 
but well-timed, mechanical impulses can set a very heavy 
suspended body into violent motion. The frequency of 
these impulses must correspond exactly to the natural 
period of oscillation of the body. 

If the capacity and inductance be in series, the differ- 
ence of potential between the terminals of either may be 
far greater than the E.M.F. impressed upon the circuit. 

In the first case damage is likely to result from the 
overloading of the conductors between the inductance and 
the capacity, even to burning them out, while in the .second 
case the pressure may rise to such a point as to puncture 
the insulation of all the apparatus in the circuit, even that 
of the generator itself. 
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CHAPTER IV. 

PROBLEMS ON ALTERNATING-CURRENT 

CIRCUITS. 

24. Definitions of Terms. — In considering the flow of 

alternating currents through series circuits and through 

parallel circuits, continual use must be made of various 

expressions, some of which have been defined during the 

development of the previous chapters. For convenience 

the names of all the expressions connected with the general 

equation 

E 



/= 



vV+(3vz-^-^J 



will be given and defined. 

/ is the current flowing in the circuit. It is expressed 
in amperes, and lags behind or leads the pressure, by an 
angle whose value is 

* = tan-^ iV ~ 

E is the harmonic pressure, of maximum value V2 E^ 
which is applied to the circuit, and has a frequency/. It 
is expressed in volts. 

R is the resistance of the circuit, and is expressed in 
ohms. It is numerically equal to the product of the im- 
pedance by the cosine of ^. 
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L is the inductance of the circuit, and is expressed in 
henrys. 

C is the localized capacity of the circuit, and is expressed 
in farads. 

2 trfL is the inductive reactance of the circuit, and is 
expressed in ohms. 



2 TffC 



is the capacity rcactancCy or capacitance^ of the circuit, and 
is expressed in ohms. 

is the reactance of the circuit, and is expressed in ohms. 
It is numerically equal to the product of the impedance by 
the sine of <^. 



v//«+[.vz-^J 



is the impedance or apparent resistance of the circuit, and 
is expressed in ohms. 



v/y?'+(../z-^J 



the reciprocal of the impedance, is the admittance of the 
circuit. It is expressed in terms of a unit that has never 





Plf . 30. 



been officially named, but which has sometimes been called 
the mho. There are two components of the admittance, 
as shown in Fig. 30. 
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The conductance of a circuit is that quantity by which 
E must be multiplied to give the component of / parallel 
to E. It is measured in the same units as the admittance, 
and is numerically equal to 

cos<^ 



and also to 



impedance 



^^+(-/^-3irJ- 



The SHSceptancc of a circuit is that quantity by which 
E must be multiplied to give the component of / perpen- 
dicular to E. It is measured in the same units as the 
admittance, and is numerically equal to 

sin <^ 

impedance ' 
and also to 



k- 



^/L- ' 



2 irfCj 



\ 2 TT, 



2 tt/c: 

It should be noticed that while admittance is the recip- 
rocal of impedance, conductance is not the reciprocal of 
resistance, nor is susceptance the reciprocal of reactance. 
This becomes evident, upon considering numerical values 
in connection with the impedance right-angled triangle, 
e.g., 3, 4, and 5 for the sides. 

25. E.M.F.'s in Series Alternating E.M.F:% that 

may be put in series may differ in magnitude, in frequency, 
in phase relation, and in form or shape of wave. Forms 
other than that of the sinusoid need not be discussed. 
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/^..U.J'.'s of different frequencies in scries will give an 
irregular wave-form whose maximum values will recur at 
intervals. The duration of these intervals is the least 
common multiple of the 
durations of the component 
lialf cycles. 

If two harmonic Ii..lf.F.'s 
of the same frequency and 
phase be in series, the re- 
sulting R.M.F. is merely 
the sum of the sejiarate 
B.M.l\'&. This condition is 
shown in Fig. 51, in which 
the two /:J/./-Vs are plotted 
together, and the resulting E.M.F. plotted by making its 
instantaneous values equal to the sum of the correspond- 
ing instantaneous values of the com[x)nent E.M.F.'&. The 
maximum of the resultant F.Af.F. is evidently 




and 



K^K, 



■ F... 



as was staled. 

If two E.A/.F-'s of the same frequency, but exactly 
opposite in phase, be placed in scries, it may lie similarly 
shown that the ri;sultant E.M.F. is the numerical differ- 
ence of the component E.Af.F.'s. This case may occur in 
the operation of motors, 

"he nKtat general case that occurs in that of a number 
alternating £.J/i/%'» of the »;imc frequency, but of 
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different magnitudes and phase displacements. The 
changes in magnitude and phase and the "^h isc elation of 
the resulting curve of E.M.F. are show.i in Fij. J2, where 
recourse is had once again to the harmiinic shadowgraph 
But two components, £, and E,, are treated, whose phast 
displacement is ^^. The radii vectors E^„ anti if^™ are 
laid off from o with the proper angle i^, between them, 
and the shadows traced by their extremities are sho«Ti in 
the dotted curves. The instantaneous value of the result- 
ant E.M.F. 13 the algebraic sum of the corresponding in- 




stantaneous values of the component E.M.E.'s., and the 
resultant curve of E.M.F. is traced in the figure by the 
solid line. But this solid curve is also the trace of the ex- 
tremity of the line E„ which is the vector sum (the result- 
ant of the force polygim) of the component pressures, E^^ 
and E^. This is evident from the fact that any instan- 
taneous value of the resultant pressure curve is the sum of 
the corresponding instantaneous values of the component 
curves, or (§ 3) 

^= Ei. sin otf + £,. sbi (mi + *,). 
Again from the force polygon 

■g, sin (if + ^) — ^, aitt «rf 4- £,, »in >..»/ -h ^ ^ 



Hence at an)' instant 



E'^ E„ 



n(«./ 



wherefore the extremity of tlie line E„ traces Ihe curve of 
resultant pressure, ^ being its angular <iisplacenient from 
£■,. If a third component E.^f.h'. is to be added in series, 
it may be combined with tiic resultant of the first two in 
an exactly similar manner. 

So it may be stated as a general propositirjii, that if any 
number of harmonic E.A/.F.'s, o( the same frequency, but 
(if various magnitudes and 
phase di splat 
connecteil in series, 
resulting harmonic E.M.F. 
will be given in magnitude "«• »• 

and phase by the vector sum of the component E,M.F.\. 
The analytic expressions for E and ^ may be derived by 
inspection of the diagram, and are 

K = V[£,siii^+£,sin<(4+. ■ ■]'+[A,cos<^,+£',cos*,+. ■ ■]>, 

I ""* A = ^1 sin ^ + £, s in ^ + . 

* £, cos <t>, + £, cos *, + ■" 



Z,tT^^T^^T-^ 




As a numerical example, supjwse three alteniaiors, I 

33, to be conneirled in series. Suppose these to give &m? 

I vraves of pressure of values £,= 70, £^ = 60, and £, = 40 



so 



ALTERNATINC-CURRENT MACHINES. 



volts respectively. Considering the phase of E^ to be 
the datum phase, let the phase displacements be *|=o", 
^^ = 40°, and ^, = 75°, respectively. It is required to find 
E and 1^. Completing the parallelograms or completing 
the force polygon as shown in Fig. 34. it is fonnd that 
E = 148,7 volts and 1^ = 32.1". 



26. Polygon of Impedances. — Consider a circuit having 
a number of pieces of apparatus in series, each of which 
may or may not possess resistance, inductance, and 
oiiiacity. There caii be but one current in that circuit 
when a pressure is applied, and tliat current must have 
the same phase throughout the circuit. Tlie pressure at 
the terminals of the various pieces of apparatus, necessary 
to maintain through them this current, may, of course, be 
of different magnitude 
and in the same or 
different phases, being 
dependent upon the 
values of R, Z, and 
C. Therefore lo de- 
termine the pressure 
necessary to send a 
certain ailemaling cur- 
rent through such a 
series circuit. It is but 
necessarj' In add vcc- 
F'*' M- torially the pressures 

needed to send such a current through the separate larts 
of the circuit. This is readily done graphically. 

Fig. 35 shows the pressures {according to § 22) neces- 
sary to send the current / through several pieces of ap- 
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paratus, and the combination of these pressures into a 
polygon giving the resultant pressure E necessary to send 
the current / through the several pieces in series. In 
these diagrams, impedance is represented by the letter Z. 
Cj and C^ are localized, not distributed capacities. 

For practical purposes, the quantity /, which is common 
to each side of the triangle, may be omitted ; and merely 
the impedances may be added vectorially in a " polygon of 
impedances," giving an equivalent impedance, which, when 
multiplied by /, gives E. 

Inspection of the figure shows that the analytical ex- 
pression for the required E is 



The pressure at the terminals of any single part of the 
circuit is 









K,= 


I\R^ + 


inL^ 




I 








K. = 


/\X» + 


(uZ., 





I 








J-'z- 


• • • • 








It 


is 


evident th 


at 
















1\ 


+ A. + • 


■ • • 


> 


E, 



and it is found by experiment that the sum of the potent ial 
differences, as measured by a voltmeter, in the various 
parts of the circuit, is greater than the impressed pressure. 

27. A Numerical Example Applying to the Arrangement 
Shown in Fig. 35. — Supjx)se the pieces of apparatus to 
have the following constants : 
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^1= 85 ohms, Z| = . 25 henry, C\ = .000018 farad (18 mf.) 

R2 = 40 ohms, Za = .3 henry, 

Ci = .000025 farad, 

-^4=100 ohms. ^ 

With a frequency of 60 cycles — whence a> = 377 — it is 
required to find the pressure necessary to be applied to the 
circuit to send 10 amperes through it. 




Fig. 36. 



The completion of the successive parallelograms in 
Fig. 36, is equivalent to, completing the impedance poly- 
gon, and the parts are so marked as to require no explana- 
tion. The solution shows that the equivalent impedance, 
Z= 229.5 ohms, that the equivalent resistance (= actual 
resistance in series), 7? = 225 ohms, that the equivalent re- 
actance is condeusive and equals 46.2 ohms, and that ^s 
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■11-55° of lead. Hence the pressure reqiiireil to si^nd 
mperes through the circuit is 

£■ = lo X J29.5 = 2295 volts. 
iTo nblaiii the same results ;uialyticnlly 

= 10 VL8S + 40+ 100]'+ [(147.3 -94.2)- 1.3.1 + 106.2]', ' 
E = 2ag5 volts. 
The voltages at the terminals of the viirious piece.s uf ap-1 



E, = 10 V8_5'-j-_(i47.3-94-J)' = '0°' volts. 
E^= .oV4 o'"+ 113.1 ' =1100 " 

^,= 10 ^0"+ 106.2' =1063 ■' 

E^ = 10 VI^^T^' = 1000 " 

£■, + £, + y?, + A, = 4^63 •' 

■■which is greater than £" = 2195 volts, showing that the! 
urical sum of the pressures is greater than the im-J 
jessed pressure ; while the vectorial sum of the separate 
' pressures is equal to the impressed pressure. 

aS. Polygon of Admittances. — If a group of severafl 
jimpedances, Z^, -?,, etc., be connected in iiarallcl to i 
rnmon source of harmonic E.M.F. of E volis, thci^ 
[UivHlent impedance is most easily determined by co* 
idcring their admittances Y^, J',, etc. The curre 
bese circuits would he 

/, = ^r,. 

■he total current, supplied by the source, would be tN 
rector sum of these currt-nts, due consideration being giva 
D their phase relations. Calling this current /, thcequatioi 
= E y can be vn-itlen, where Y is the ccjuivalent admit 
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tance of the group. To determine Y, a geometrical addition 
of l*,, 1'^, etc., must be made, the angular relations being 
the same as the phase relations of /,, /^, etc., respectively. 
Ihe value of the equivalent admittance may therefore be 
rcprcaented by the closing side of a polygon, whose other 
sides are represented in magnitude by the several admit- 
t:mces J",, F,, etc., and whose directions arc determined 
by the phase angles of the currents /,, /,, etc., flowing 
through the admittances respectively. The equivalent im- 
pedance then is equal to the reciprocal of V. The sum 
of the instantaneous values of the currents in the branch 
circuits is equal to the ctirresponding instantaneous values 




in the supply main. As. hoivever. the ma.vimunis occur 
at various times, the sum of the effective currents In the 
branches is generally greater than the main supply current. 

!*''»■ 37 is s polygon of admittances, showing the 
method of obtaining the admittance Kami its phase angle 
referred to a datum line, which is equivalent to a number 
of jiarallel admittances, i\, V,, and K,, willi angles ^, ^ 
and <p^, respectively. 

By taking its reciprocal, the equivalent admittance 
can he trnnsforme<l into the equivalent impedance. A 
Convenient dimen-sioiiitl scale should \x employed. The 
intpedajice may be resdvcd into its equivalent rca$ 
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R, L,c, 

R,L, 

H 



Fig. 38. 



and its equivalent resistance. The equi- 
valent resistance is not the resistance of 
the parallel arrangement as measured 
by direct-current methods. 

As a numerical example, consider the 
same apparatus as was used in the pre- 
ceding example, § 2y, to be arranged in parallel, as in Fig. 
38. All the other conditions and values are as stated 

before. It is re- 
quired to find the 
current that will 
flow through the 
mains when ten 
volts are impressed 
on the circuit. The 
diagram. Fig. 39, is 
self-explanatory. 
The solution shows 
that the equivalent 
admittance ]'=.0224 and that <t> = 16.1°. From this 
the equivalent impedance 




Fig. 39. 



Z = = 44.6 ohms, 

.0224 



the equivalent reactance 



a> 



L — 7, = /Tsiii <^ = 12.4 ohms, 

u>C J 



and the equivalent resistance /v = ><^cc)s<^ ^ 4-. 9 <>hms. 
The current that will flow under a j)ressurc of 10 
volts is 

I = EY= 10 X .0224 = .224 amperes. 
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If a circuit have some impedances in series and some 
in parallel, or in any series parallel combination, the 
equivalent impedance can always be found by finding the 
equivalent impedances of the several groups, and then 
combining these equivalent impedances to get the total 
equivalent impedance sought. 
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CHAPTER V. 

ALTERNATORS. 

Single-phase Alternators. — As is the rase wittf 
direct-current m.idiines, altein.itors have a field and a 
mature. The direct -current machine's commutator 
;p]accd, in the single-iihaser, by a pair of slip-ripgs ; an^ll 
le current, instead of being rectified, is lead out i 
ihemating current by brushes playiiig on the rings, 
[described in § 29, vol. i. Revolving field and inductor 
Itemators differ from this arrangement, as will be shown 
icrcafter. 

It is necessary that all but the very smallest alternators 
'should be multipolar to fit them to commercial require-T 
mi-'nls. For alternators must have in general a frequency 
between 25 and 125 cycles ix;r second; the armature 
must be large enough tfi dissipate the heat generated at 
U load without its temperature rising high enough 
ijiire the insulation ; and finally, the peripheral speed 
the armature cannot safely be made to greatly exceed i 
mile a minute. With these restrictions in mind, 
knowing that a point on the armature must pass undei 
two poles for each cycle, it becomes evident that altert 
trs of anything but the smallest capacity must be multil 
liar. J 

In practice it is quite as common to have the field of 
I altemalor revolve inside the armature as to have the 
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armature revolve. In a few instances, notably at Niagara, 
the fields revolve outside the urmature. The chief advan- 
tage of the revolving field is that it avoids the collection 
of high-tension currents through brushes, since the arma- 
ture may be permanently connecteil up. and only low- 
tension direct current need he fed through the rings to 
the field. Other adx^antages are increased room for arma- 
ture insulation, and, in pojyi'hasers, the necessity for only 
IWi.i instead of three ur nicirt- sMji-rings. 

30. Polyphase Alternators. — Single-phase currents are 
satisfactory for lights, but not, as yet, for power. As 
polyphase currents are equally well adapted to both pur- 
p(jses, and since they are geneully more economicl of 
transmission than the single-phase, they arc much more 
generally employed. If a motor be oj^rated on a single- 
phase circuit, the supjily of power to it is pulsating. 
These pulsatiiins occur with great rapidity, there being in 
the case of unit power factor two for each cycle. A 
single-phase motor must be larger f'lr ihc same capacity 
than a polyphase motor. 

Windings for any number of circuits or phases may be 
placed on a single-armature core, and these may each l>e 
separately connected to an outside circuit through slip- 
rings, or they may be connected together in the armature 
according to some scheme whereby one .^iliit-ring will be 
common to two phases. These windings can be placed so 
that the E.M.F-'s generated therein will have any desired 
phase relations with each other. It is customary to place 
them so that tlie /•.M.F.'s of a two-phase or four-phase 
system arc 90° apart, of a three-phase system are 120° 
apart, of a sLxphase system are 60" a|)ari. 
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In the following diagrams the curled lines are supposed 
to represent armature windings, which revolve in a bipolar 
field. In some cases they are supposed to be wound on 
cores so as to form pole armatures and in the other cases 
to form ring armatures. The dots at the terminals repre- 
sent points of transition between slip-rings and brashes, 
which are in connection with line wires. It is desirable to 
consider the relations between the E.Af.F.'s generated in 
the armature coils and the pressure between the line-wires, 
as well as between the currents in the armature coils and 
the currents in the line-wires. The assumption is made 
that the different phases are equally loaded, both as to 
current and as to its phase. The system is then said to 
be balanced. It is further assumed that the effective 
E.M.F. in each annaturc coil is E volts, and the effective 
current / amperes. 

31. Two-phase Systems In the case of two coils and 

four wires, the pressure is E volts between the wires 
attached respectively to each coil. 
There is no connection between the 
two coils and their wires. 

In case three wires be employed, as 
shown in Fig. 40, the pressure between 
I m and n or between / and n is /:" ^'- *"■ 

I volts, and '42E volts between / and m. I amperes flows 
I in / and m and Vz/ in «. 

32. Four-phase or Quarter-phase Systems — When con- 
nected, as in I'ig, 41/j, i.e., slur toiiiucted, the pressure 

I between /and w or n and /> is 2E volts ; between « or^ 
nd / or m it is VaA" volts. The current in each line-wire 
t / amperes. If connected as in l-ig4i<}. i.c., ring con- 
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nected, the pressure is E volts between / and «, « and «, 
m and /, or / and /, and Va^ volts between / and ni, or 

« and/. The current in each line-wire is V2/ampei 




33. Three-phase Systems.^ The pressure and current 
relations in three-phase apjxirains are often puzzling to the 
student. Consider three similar coils, x, j-, aJid a, on a 
ring armature, each covering 1 30", as in Fig, 421/, The 
E.M.F''& generated in these coils, when they arc rotated 
in a bipolar field, will have the same maximum values, but 




they will differ in jihase from each other by 120". 
of the coils, J- and . I', be connected as in b, then thej 
sure between the free terminals would be the resu] 
adding the two 7^.■I/./^'s at 120" with each othcr^l 
instead of this connection, the one sliown in c be 1 
known as the slar fcnnedhn or Y ninncction, the | 
aure between the free terminals would be Uie rcsi 
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Fie. 43. 



two line-wires 



Tsuhimeling the E.M.F. of coil y from that of x at 1 20°. 

I Subtraction is necessary becau.se the connections of mil y 

to the circuit have been reversed. To 

subtract one quiuitity from another ii is 

I but necessary lo change its sit;n ami 

atld. Therefore the pressure bctwei 

the free lerminals is that which results 

from adding the E.M.F .'& of .rand j at 

'' 300° (= 120" + 180°) as shown in Fig. 

' 43. It is ■^sE vohs. The star connection is generally 

J represented as in Fig. 44, where the pressure betwet 

is V3/r volts, and the current in 

line-wire is / amperes. 

If the three coils be connected ns in 
^'ig- 45> 'he result is termed a delta (A) 
or niesh-connection. The pressure be- 
tween any two of the line-wires is E 
volts. Each line-wire is supplied with 
P"e. M- current from two coils, connection being 

made at the junction between the Iwginni 
I and the ending of the other. The 
I value of the current in each wire 
Its V3/ amperes. This results from 
Isubtractjng the current in one coil 
^Irom that in the other at 120°, 
which, as before, is the s:inie as 
tdding the currents at .loo^ 
The power which is delivered 
■ by a lbree'|>hasc machine is not 

ihcrcd by changing the mctlxid of connection. In one 
e each phase is supplied with i amperes at V3 F. vollfc 
a the other case with V3 / amjieres at E vuJts, 
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At any instant the current in one wire of a three-phase 

system is equal and op|x>site to the algebraic sum of the 

currents in the other 

two wires. This is 

clearly shown in Fig. 

46, where the curve 

found by adding at 

each instant the ordi- 

nates of two of the three-phase currents is similar, exactly 

equal, and opposite to the third current. 

34. Electromotive Force Generated. — In § 13. vol. i., it 
was shown that the pressure generated in an armature is 



60 
where / = number of pairs of poles, 

* = maxwells of flux per pole, 

/' = revolutions per minute, 
and .y = number of inductors. 

In an alternating current E = l\E„„ where *, 
form-factor, i.e., the ratio of the effective to the av4 
E.Af.F. Hence in an alternator Yielding a sine wave 

EM.F., .r 



Oo 



V 



Inasmuch as/* ^ represents the frequency, /, 

An alternator armature winding may be either t 
trated or distributed. If, considering but a single 
there is but une slot per pole, and all the inductors tluit are 
intended to be under i>rie pole arc laid in one slot, then 
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'"the winding is said to be concentraled, and if the inductors 
are all in series the above formula for E is ^plicable. If 

•i the inductors be not all laid in one slut, but be dis- 
tributed in « more or less closely adjacent slots, the E.M.F. 

generated in the inductors of any one slot will be - of that 
generated in the first case, and the pressures in the differ- 
ent sluts will dit?er slightly in phase from each other, since 
I they come under the center of a given pole at different 
limes. The phase difference between the E.M.F. gener- 
I atcd in two conductors which are placed in two successive 
I armature slots, depends upon the ratio of the peripheral 
|. distance between the centers of the slots to the peripheral 
) distance between two successive north poles considered as_ 
i 360''. This phase difference angle 

width slot -f- width tooth 



circumference 



360. 



10. pairs poles 



Tf the inductors of four adjacent slots be in seri 
if the angle of phase difference between the pressurei 
generated iii the successive ones be *, then letting E^, EA 
Ej, and /;, represent the respective pressures, which : 



supposed to be harmonic, the total pressure, E, generate 
I in them is equal to the closing side of the polygon i 
Ishown in Fig. 47. Obviously E < E^ -^ E^ + E^ + B^ 
\ii the winding hiid been concentrated, with all the indue- 




tors ill one slot, the total pressure y 
been ccjiial to the algebraic sum. 

The ratio of the vector sum to the algebraic sum of 
the pressures generated per pole and per phase is called the 
distribHtiuH constant. Not on!)' may the number nf slots 
under the pole vary, but they may be spaced so as to 
occupy the whole surface of the armature between succes- 
sive pole centers (the peripheral distance between two 
poles is termed the pole distance), or they may be crowded 
together so as to 
occupy only one- 
half, one-fourth, or 
any other fraction 
of this space. Both 
the numlierof slots 
and the fractional 
part of the pole dis- 
tance which they 
occupy affect the 
value of the distri- 
bution constant. A 
set of curves, Fig. 
48, has been drawn, 
showing the values n( this cilnstant for various a)nditions. 
Curves are drawn for one slot (concent r-itcd winding), 2, 
3, 4 slots in a group, and many slots (i.c., smooth core 
with wires in close contact on the surface). The ordinates 
are the distribution constants, and the abscissa: the f 
tional part of the |>ole distance occupied by the slots. 

The distribution constant, i,, must tn.- Intrcg 
the fonnula for the EM.F. giving 
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E= i-iik^^bSfu 




35. Armature Windings Some simple diagrams of 

I the windings <.>f multipolar alternators are given in Fig. 49 
et seq. The first is a single-phase concentrated winding, 
1 with the winding which is necessary tii make it two-phase 
in clotted lines. If the iwo windings be electrically con- 
nected where they cross at point'/^ the machine becomes 




a Btar-conncctcd foiir-phascr. Fig. 50 is a three-phase, 
A connected, concentrated winding, Fig. 51 is the same 
I but Y connected. The common junction of the windings 
I would have to be provided with a slip-ring if it were 
1 desired to operate a three-phase, four-wire system with 
■ the fourth wire connected to the miichine. Fig. 52 is a 
thrcc-pha.w, A connected winding distributed over two 
I slots, tn ;dl these diugnims the radial lines represent the 
I inductors; other lines the cnnnecling wires. The induc- 
llprs of different phases are drawn differently for clearness. 
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Where but one inductor is shown, in practice there would 
be a number wound into a coil and placed in the one slot. 
For simplicity all the inductors of one phase are shown in 
series. In concentrated windings, all inductors of one 





phase carrying current In the same direction could \ 
connected in multiple if desired ; but with di-etributcd with 
ings, the coils cannot all be placed in multiple, because the 
small phase differences between them would set up local 
currents and give rise to undue heating, 

To determine the interior connections for a three-phase 
A winding, place the inductors of a coil of one phase under 
the centers of the poles, then a maximum pressure in a 
given direction is generated therein. Since the algebraic 
sum of the pressures around the A must be zero, the other 
two phases must be connected so that their pressures 
oppose the first. To determine the Y connection, place 
the inductors of one phase under the centers of the poles. 
The E.MJK of this phase will now Ix- at a niaximum, say, 
away from the common coitcr. The otlwr two phase 




r must be so connected as to have E.M.F's toward the coin 
I tnon center at this instant. 



36. Armature Reaction. — The armature reaction of an 
alternator consists of two parts, distortion and magnetiza- 
tion or demagnetization. These depend upon the arma- 
ture ampere-turns and uix)n the lag or lead of the armature 

I current. The maximum pres- ^ .^^ 

I sure is generated in a coil when ..^-"""^ ,——1°'' r-^ ^^"""^ 
its opposite inductors are re- ^'''VIj ' — ' c^/^ 
spectively under the centers of ^^^*^T^^^^^^5^ 



ith the pressure, /." 



spectively under the centers 
north and south poles. This con- 
dition is represented in Fig, 53. 
If the armature current be in phase 
in the coits coincides w-iih /f„ and poles on the armature 
are formed as shown. It is seen that the M.M.F.'s both 
of the field and of the armature conspire to concentrate 
I the flux in the trailing pole tips. So with / in phase with 
I E the armature M.M.F. chiefly effects a distortion of the 
I lines, entiling a greater flux density, hence a lower per- 
I meability, and also a greater length of air-gap path. This 
I slightly decreases the flux, and affects the regntatinn of 
I the alternator. 

I If, now, the current be lagging, the armature will have 
ft reached a position in advance, at the instant nf maximum 
ftcurrent. Therefore, like poles of the field and of the 
larmature will be more directly opposite to each other. 

■ The distoriing influence will be pn'seni in a degree; and 
I there will be considerable demagnetizatif n of the field, due 

■ to the opixising jI/,,l/./".'sof the;trmaturcand field amperc- 
\ turns. If the current be leading, then, at the instant of 
k maximum current, a soulh armature jmjIc will be more 
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nearly opposite lo a north field pole, and their M.Mjk 
will be cumulative. Thu field will be strengthened i£ T 
magnetizing reaction exceeds in effect the skewing f 
tion. Alternators have a much better regulation on I 
inductive loads than on inductive loads. 

37. Armature Inductance. — The impedance of an 3 
nator arcnatiiie is made up of its ohmic resistance, i 
combined at right angles with its reactance, 2tt/L. In 
practice the inductance, L, is likely to be so great that R 
becomes negligible, and the impedance equals the reac- 
tance. The armature reactance may or may not be an 
appreciable part of the impedance offered by the completed 
circuit. If it is appreciable, then the current in the circuit 
will lag even with a non-inductive load. In any case there 
will be loss of voltage due to armature impedance which 
(when R is negligible) is equal to 2 irfLf. This is at right 
angles to the current, and must be properly combined with 
/ limes the equivalent impedance of the external cir- 
cuit to determine the pressure actually generated in the 
machine. In special cases the armature reactance Ls the 
predominant feature of the circuit ; for instance, alternators 
for series arc lighting are made with so great a reactance 
that the impedance of the external circuit within the 
hmits of operation is negligible in comparison. The altera- 
tion in the value of this impedance does not, then, appre- 
ciably alter the total im|jcdance of the circuit, and the:.'. 
alternator thore^ire operates as a cmtstant-citrrcnt j 
eralur. Many commercial alternators have sufficient a 
turc rcaitance to |)revent their ijijuring thcmselvei 
dead short circuit for a limited lime. It 
that armatures should have aomc considerable b 
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I when alternalors arc to be operated satisfactorily 
P parallel. 



38. Synchronous Reactance WTiea an alternator is ow 

i crating on a load, the pressure, which would be generate! 
I on open circuit at the same speed and excitation, is mat 
I up of the following parts, and might be found by addinj 
I them together in their proper phase relations: 
(a) terminal voltage, li, 
{i) ohmic drop in armature, /A', in phase with the cur* 
^ rent, 

(f) armature inductance drop, 90° with the current, 
{(0 deficit of actually generated volts due to increase t 
[ magnetic reluctance accompanying distortion, 

(c) deficit or increment of acliinlly generated volts diu 
I to the demagnetization of a lagging current or the 1 
t aelization of a leading current. 

All the parts, except the first mentioned, can be grouped 

f together, and be dealt with collectively by the use of | 

I quantity called the synchronous impedance. It is that i 

Epcdance, which, if connected in series with the outside c 

cuit and an impressed voltage of the same value as the" 

open-circuit voltage at the given speed and excitation, would 

permit a current of the same value to flow as does flow. 

■ This quantity for any load can be determined cxpcrimet 

pally with ease. The synchronous impedance has two fad 

mcly, the armature resistance and a (|uantity tcrma! 

3ic synckroKoHs reactancf. l"he two, when combined t 

tight angles, give the synchronous im|xrdancc. 

Since the synchronous imiiedancc takes account of i 
9ie diverse raiLses of volt.igc drop above enumerated, it ii 
r that it has not a physical existence, but is mereljf j 
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fiction. It is of great use in determining the performance 
of a machine. Its value is the same for all excitations of 
the field, but is somewhat different for various loads. 
These two facts afford a very convenient means of deter- 
mining its value. Run the alternator at its proper speed. 
Short-circuit the armature through an ammeter, Excite 
the field until the ammeter indicates the desired load. 
Then open the load circuit and read the terminal voltage. 
The quotient of the volts by the amperes is the synchron- 
ous impedance. It may happen that the resistance of the 
armature is negligibly small, in which case the synclu 
ous reactance equals the synchronous impedance. 



39. Saturation Coefficient.— A no-load saturation curve 
of an alternator may be obtained by measuring the termi- 
nal voltage corresponding to various strengths of field cur- 
rent, when the machine is running at its proper speed and 
without load. Laying off 
£.M.F.'s, E as ordinates 
and e-xciting currents, If, 
as abscissae, a curve is 
found as in Fig. 54. 

Jl ■ 
<m ' 

the no-load sutiiralion ce- 

Fie- H. cfflcitiit of the machine. 

Another curve, called the load -saturation curve can be 

obtained by using a variable non-inductive resistance for 

maintaining the constant full load. The terminal volts 

corresponding to various field excitations are read on a 




The ratio . 



called 
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voltmeter. This curve will approximately parallel the na 
load saturation curve. It will have a zero voltage ' 
for that excitation which causes sufficient voltage to send 
the fulUoad current through the synchronous impedance 
of the armature. A full-load saturation coefficient curve_ 
might be drawn from the full-load saturation curve. 
will nearly coincide with the other coefficient curve. 

These saturation curves liave forms similar to magnetic 

zation cur\es for iron. The knee, however, is less abrupt 

than is general in an iron curve, because of the unvarying 

permeability of air, and because the different magnetic 

parts of the generator do not reach saturation at the same 

If the alternator is normally excited to above the 

knee of the saturation curve, it will require a considerable 

increase of field current to maintain the terminal voltage 

when the load is thrown on, while if normally excited 

below the knee, a slight increase of excitation will suffice. 

The regulation is, however, better when the magnetization 

[ is above the knee ; that is, with unaltered field strength, 

I the voltage rise upon throwing off the load is less than if 

■ the excitation were below the knee. 



40. Leakage Coefficient. — As in direct-current machines. 
the leakage coefficient of an alternator may be defineti as 
the number of maxwells set up by the field divided by t 
number of maxwells passing through the armature. It i 
always greater than unity. Its value depends upon t 
design of the machine, upon the |iermeability of the various 
parts making up the magnetic circuit, uixin the load on 
the machine, and uyion the degree of saturation in the_ 

cidsu In modern ctimmercial machines of sire its 

B between i.i and i.j. 
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41. Efficiency The following is abstracted from (he 

Report of the Committee on Standardization of the Ameri- 
can Institute of Kiectrical Engineers. Only those por- 
tions are given which bear upon the efficiency of alternators. 
They will, however, apply equally well to synchro nous 
motors. 

The "efficiency "of an apparatus is the ratio of 
power output to its gross power input. 

Electric power should be measured at the termini 
the apparatus. 

In determining the efficiency of altemating-c 
apparatus, the electric jxiwer should be measured when 
the current is in phase with the E.M.F. unless otherwise 
specified, except when a definite phase difference ^ 
herent in the apparatus, as in induction motors, etc. 

Where a machine has auxiliary apparatus, such i 
exciter, the power lost in the auxiliary apparatus should 
not be charged to the machine, but to the plant consisting 
of the machine and auxiliary apparatus taken together. 
The plant efficiency in such cases should be distinguished 
from the machine efficiency. 

The efficiency may be determined by mcasunng all the 
losses individually, and adding their sum to the output to 
derive the input, or subtracting their sum from the input 
to derive the mitput. All losses should be measured at, 
or reduced to, the temperature assumed in continuous 
operation, or in operation under conditions specified, 

In synchronous machines the output or input should be 
measured with the current in phase with the terminal 
E.M.F- except when othcrw-ise expressly specified. 

Owing to the uncertainty neeess.w]y involved in 1 
approximation of load losses, it is preferable, wheW 
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^>ossible, to determine the efficiency of synchrnnm 
T chines by input and output tests. 

The losses in synchronous machines are : 

a. Bearing friction and windage. 

b. Molecular magnetic friction and eddy curn 
iron, copper, and other metallic parts. These losses should 
be determined at open circuit of the machine at the rated 
speed and at the rated voltage, + /^ in a synchronous 
generator, — /A' in a synchronous motor, where / = cuFji 
rent in armature, j^ = armature resistance. It is undesiq 
able to compute these losses from observations made i 
other speeds or voltages. 

These losses may be determined by either driving thi 
I machine by a motor, or by running it as a synchronous* 
I motor, and adjusting its fields so as to get minimum cur- 
Ircnt input, and measuring the in|)Ut by wattmeter. The 
I former is the preferable method, and in polyphase ma- 
I chines the latter metluHi is liable to give erroneous results 
■ in consequence of unequal distribution of currents in the 
1 different circuits caused by inequalities of the impedance 
I of connecting leads, etc. 

Armature- resistance loss, which may be expressed 
I ^y P '*^ ■' where R = resistance of one armature circuit 
I or branch, / = the current in such armature circuit or 
Ibranch, and p = the number of armature circuits or 
I'branchcs. 

d. Load losses, While these losses cannot well be 
idetermincd individually, they may be considerable, and, 
I therefore, their joint influence should be determined 1 
I observation. This can be done by operating the machiii 
I on short circuit <tnd at full-toad current, That is, by detfl 
I mining what may be called the " short-circuit core losa 
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With the low field intensity and great lag of current 
existing in this case, the load losses are usually greatly 
exaggerated. 

One-third of the short-circuit core loss may, as an 
approximation, and in the absence of more accurate infor- 
mation, be assumed as the load loss. 

e. Collector-ring friction and contact resistance. These 
are generally negligible, except in machines of extremely 
low voltage. 

/. Field excitation. In separately excited machines, 
the I'^R of the field coils proper should be used. In self- 
exciting machines, however, the loss in the field rheostat 
should be included. 

42. Regulation for Constant Potential. — Alternators 

feeding light circuits must be closely regulated to give 
satisfactory service. The pressure can be maintained 
constant in a circuit by a series boosting transformer, but 
it is generally considered belter to regulate the dynamo by 
suitable alteration of the field strength. 

The simplest methinl of regulating the potential is to 
have a hand-operated rheostat in the field circuit of the 
alternator, when the latter is to Ije excited from a com- 
mon source of direct current, or in the field circuit of the 
exciter, if the alternator is provided with one. The 
latter meihiMl is genemlly employed in large machines, 
since the exciter field current is small, while the alternator 
field current may be of considerable magnitude, and would 
give a large /*A' loss if passed through a rhctistai. 

A second method of rcgidatinn employs a composite 
winding, analogous to the compound windings of direct- 
current generators. This consists of a set of coiJs; one 



ALTERNATORS. 



75 



W each pole. These are connecletl in series, and carry 
a portion of the armature current which has been rectified. 
I'The rectifier consists of a commutator, having as many 
J segments as there are field jwles. The alternate segments 
rare connected together, forming two groups. The groups 
tare connected respectively with the two ends of a resis- 
Itance forming part of the armature circuit. Brushes, 




bearing upon the commutator, connect with the terminals' 
of the compfisite winding, The magnetomotive force of 
the com]K>!iitc winding is used fw regidation only, the 
main excitation being supplieil by an ordinary separately 
excited field winding. The rectified current in the com- 
posite coils is a pulsating unidirectional current, that 
increases the magnetizing force in the fields as the cur- 
rent in the armature increases. The rate of increase b 
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determined by the resistance of a shunt placed across the 
brushes, By increasing the resistance of this shunt, the 
amount of compounding can be increased. With such 
an arrangement an alternator can be over-compounded to 
compensate for any percentage of potential drop in the 
distributing lines. The method here outlined is used by 
the General Electric Comixmy in their single-phase 
stationary field alternators. The connections are shown 
in Fig. 55, 

A third method of rifgulation is employed by ihe W'est- 
inghouse Company on their revolving armature alter- 
nators, one of which, a 75 k,\v„ 6o~, single-phase machine, 
is shown in Fig. 56. A composite winding is employed, 
and the compensating coils are excited by current from 
a series transformer placed on the spokes of the armature 
spider. The primary vi this transformer consists of but 
a few turns, and the whole armature current is conducted 
through it before reaching the collector rings. The sec- 
ondary of this transformer is suitably connected to a 
simple commutator on the extreme end of the shaft. 
Upon this rest the brushes which are attached to the ends 
of the compensating coil. This commutator is subjected 
to only moderate currents and low voltages. The current 
in the secondary of the transformer, and hence that in 
the compensating coil, is proportional to the main armature 
current. The machine is wimnd for the maximum desir- 
able over-compounding, and any less compensation can be 
secured by slightly shifting the commutntor brushes, 
For there are only as many segments as poles ; and it the 
brushes span the insulation just when the wave o( current 
in the transformer secondary is passing through zero, 
pulsating direct current in the compounding 
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is equal to the effective x-alue of the alternating current ; 
but if ihc brushes are at some other piisition, the current 
will How in the field coil in one direction for a portion of 
the half cycle, and in the other direction for the remaining 




portion. A difFerential action, therefore, ensues, and the 
effective value of the com[>ens;iting current is less than it 
was before. 

order t" imwhicc a constant potential on circuits 
nog a variable inductance as well m a variable resist- 
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ance. the General Electric Co. has designed its compensated 
revolving field generators, which are constructed fiir t 
or three-phase circuits. The machine, Fig. 57, is o(J 




revolving field typt', the fiold hdng wound with but one 
simple set of coils. On the same shaft as the field, and 
close lieside it, is the armature of the exciter, us shown 
in Fig. 58. The outer casting contains the alternator 
armature windings, and citse beside them the field of the 
exciter This latter has as many poles as has the field iif 
the allernatnr. Alternator and exciter, therefore, operate 
in a synchronous relation. The armature of the exciter is 
fitted wiih a regubr commiilainr, which delivers direct 
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rings, to the alternator field. On the end of the shaft, 
oiitsiile of the bearings, is a set of sHp-rings, four for a 
quart er-phaser, tliree for a three-phaser, through which 
the exciter armature receives alternating current from one 
or several series transformers inserted in the mains which 
lead from the allcniator. This alternating current is 
passed through the exciter armature in such a manner as 
to cause an armatiiro reaction, as described in § 36, that 
increases the magnetic flux. This raises the exciter vol- 
tage and hence increases the main field current. The 




reactive mngnetization produced in the exciter field is 
proportional to the magnitude and phase of the alternating 
current In the exciter armature. The reactive tiemag- 
HftisatU'H of the alternator field is proportional to the 
magnitude and phase of the current in the alternator 
armature. And these currents have the fixed relations 
of current strength and phase, which are determined by the 
series transformers. Hence the exciter voltage varies so 
as to compensate for any drop in the terminal voltage. 
Neither the commutator nor any of the slijvrings carry 
pressures of over 75 ^-olts. The amount of ovcr-coro- 
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pounding is determined by the ratio in the series 
formers. The normal voltaye of the alternator i 
regublt'i! by a small rheostat in the field circuit of ( 

exciter. 

43. Inductor Alternators. ^ Generators in which 1 

armature and field coils are stationary are called indi 
alternators. Fiy. 59 shows the princii>le of operatiooj 




these machines. A muving member, carrying no wir^ 
has pairs of soft iron projections, which ;tre callet! induc- 
tors. These projections are magnetized by the current 
flowing in the annular field coil as shown in figurt;. The 
surrounding frame has internal projections corresponding 
to the inductors in number and size. These latter projec- 
tions constitute the cores of armature coils. \Vlicn the 
faces of the inductors are directly opposite to the faces of 
the armature poles, the magnetic reluctance is a mimmum, 
and the flux through the armature coil accordingly a maxi- 
mum. For the opposite reason, when the inductors are. 
in an intermediate position the flu-x linked with the : 
tare coils is a minimum. As the inductors revolve, 
linked flux changes from a maximum to a minimui 
does not change In sign. 

Absence of moving wire and tiic ctnisttiuL'ni li: 




insuUiliiin arc rlaimud as advantafics for this type of ma- 
chine. Hy siiitality disposing of ihe coils, induclor aiter- 
nalors may be wound 
for R ingle- or l>oly- 
ptiasL- currcnls. 

The Stanley Klcc- 
trie Manufacturing 
Comjtany manufac- 
ture two-phase induc- 
tor allcrnators. A 
view i.f one nf their 
machines is given in 
Fi(. «i. Fiy. 60, with the 

frame se|>anite<l for inspection nf the windinj^s. In this 
picture the field coil is hanging loosely between the pairs 
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of indiiclors. The llieorL'tical ojieratidn of this mad 
essentially that described above. All iron parts, ^ 
stationary and rcvdlvitig, thai are subjected to pu1satian£ ] 
ol magnetic Qux, are made up of liumoMed iroo. 
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ami prevents high E.M.F's of self-induction. Figs. 61 
and 62 show the details of construction of a Stanley 
machine of a larger size than the one previously shown. 
Inductor alternators are also manufactured by Westing- 
house and Warren companies. The construction of the 
machine made by the latter company is shown in Fig. 6^a. 
There is but a single field coil, which fits into the recess in 
the back of the frame as shown. The armature coils sur- 
round the pole projections, and the flux through them is 
altered by the change of reluctance caused by the ro- 
tating inductor which carries no wire. The exciter is 
carried upon a platform which (Fig. 63*^) forma part of 
the main frame and is driven by a belt from a pulley on 
the armature shaft. 

44. Revolving Field Alternators — In this type of at- 
Icmator, the armature windings are placed ui\ the inside 
of the surrounding tranic, and ihc field j^jJcs project radi- 



Jiti^ 



ally from the rotating member. As \\'as stated betuie 
type of con.struction is to be recommended Jn the c.i 
machines which arc_r(;(iuircd to jjivc cither 



high 
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iges or large currents. With the same peripheral! 

velocity, there is more space iov the armature cnilsji 
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Kuits to be collected by brushes ami collector rings arc ^^M 
^Mtoae necessary to excite the fields. ^^^H 
H^ Fig. 64 shows a General Electric 750 k. w. revolving ^^M 
^Beld generator. The two collector rings {or the field cwr- ^^^| 
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arc shown, and in Fig. 65 the edgewise mel 
ng the field coils is shown. The collector ri 
St iron and the bru-shcs are of carhrni. Fig. 6( 
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I 6,600-volt machine of this type as constructed for thfi 
I Metropolitan Street Railway Co. of New York. This 
Imachine has 40 poles, runs at 75 r. p. m. at a pcripherall 



Ivclocity of 3.900 feel per minute. This gives a f r«iucncy 
[of 25. The air gap varies from five-sixteenths at the 
[pole center to eleven-sixteenths at the tips, The short- 
I circuit current at full-laid excitation is less than 800 nm- 
I pcres per leg. The rated full-load current is slightly over 
[-300 ami>eres. The efficiency and no-load saturatinn curveJ 
I is shown in Kig. 67, 

The Bullixrk Klectric Mfg. Co. also make generators ( 
Kthis type. The method of placing armature coils is showal 
[in Kig. 68. These coils, as shown, are wire wound, tapcdrl 
l-lnsulated, and held in slots by maple-wood wedges. 
■ field poles are fastened directly to a spider having a heav] 
The pole pieces are of T>ahapcd steel puncl 
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method of fastening is shown in Fig. 69, which represents 
the field and shaft of a small-sized high-speed machine. 

The Westinghouse rotating field consists of a steel rim 
mounted upon a cast-iron spider. Into dovetailed slots in 
the rim are fitted laminated plates with staggered joints. 
These plates are bolted together. The laminations are 
supplied at intervals with ventilating ducts. The coils are 
kept in place by retaining wedges of non-magnetic material. 
A portion of a field is shown in Fig. 70. 
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CHAPTER VI. 

THE TRANSFORMER. 

45. Definitions. — The alternating-current transformer 
consists of one magnetic circuit interlinked with two elec- 
tric circuits, of which one, the primary, receives electrical 
energy, and the other, the secondary, delivers electrical 
energy. If the electric circuits surround the magnetic 
circuit, as in Fig. 71, the transformer is said to be of the 
core type. If the re- 
verse is true, as in 
Fig, 72, the trans- 
former is (if the shell 
type. Tlie practical 
utility itf the ti-ans- 
forraer lies in the fact 
that, when suitably de* 
signed, its primary can 
take electric energy at 
one ])otcntiaI, and its 
secnndary deliver tbc 
same cncigy at some 
other potential ; the ratio o( ihc current in the primary to 
that in the sccon<!ary being approximately inversely as the 
ilio of the pressure on the primary to that on Ihc sccon- 





the primary voltage, if there were no losses in the trans- 
former. A Iransfoniicr in wliiili this ratio is greater than 
unity is called a"steiMip" transformer, since it delivers 
electrical energy at a higher pressure than that at which 
tl is recdvcd. \VTicn the ratio is less than unity it is 
called a " stcp^own " transformer. Step-up transformers 
find their chief use in generating plants, where because of 
the practie;d limitations of alternators, the alternatmg cur- 
rent generated is not of as high a potential as is demanded 
for economical transmission. Stejwiown transformers find 
their greatest use at or near the points of consumption of 
energy, where the pressure is reduced to a degree suital 
for the service it must [wrform. The conventional n 
sentalion of a transformer is given in Fig, 73. In gem 
little or mi effort is made to indicate the ratio of Irans- 
{^"malion by the relative number of angles or loops shown, 
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though the iow-tension side is sometimes distiiis"'shc'd 
from the high-tension side by this means. 

When using the same or part of the same electric cir- 
cuit for both primary and secondary, the device is called 
an aulo-transformer. These are sometimes used in the 



starting devices for induction motors, and sometimes 
connected in series in an alternating-turrenl circuit, and 
arranged to ^■a^y the E.M.F. in that circuit. Fig. 74 is 
ihe conventional representation of an auto-transformer. 

46. Core Flux— {,/) Of'cn-circnUed smmdaty. When 
the secondary coi! ul a transformer is open-circuited it is 
perfectly idle, having no influence on the rest of the ai> 
Ijaratus, and the primary becomes then merely a choke 
coil. A transformer is so designed that ils reactance is 
very high, and its resistance comparatively low. This 
makes a large impedance, which is almost wholly reactive ; 
hence the current that will flow in Ihe primary when Ihe 
secondary is open-circuited is very small, and lags practi- 
cally go" behind the E.M.F. which sends it. This 
current is called the cArifiug current, or sometimes less 
properly the magnetizing current or laikage current. A 
flux is set up in the iron of a transformer, which is sinu- 
soidal and is in phase with the exciting current. This flux 
induces a practically sinusoidal E.Af.F. in the primary 
coil, 90" behind it in phase ; becawse the induced F,.M.F. 
is greatest when the lime rate of flux change is grentest, 
and the lliui changes fatitest as it is pastting through t^ 
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zero value. This induced EJf.F. is 90° behind the flux, 
which in Uirn is gd" behind the impressed pressure; there- 
fore the induced F.M.F. is 180° behind the impressed 
E.M.F. or is a counter E.M.F. The counlcr pressure is 
less than the impressed pressure only by ihe small amount 
necessary to cause ihe small exciting current to flow. 
Neglecting the primary resistance. A'^, and the reluctance, 
(R, of the core, the counter pressure would be equal to the 
impressed pressure ; and in commercial transformers this 
is true to within a small percentage. Consideriny that 
the flux varies sinusoidally. and that its maximum value 
is ♦_ ; then the flux at any time. /, is *. cos «>t, an<l the 
counter E.M.F., which is equal and opposed to the im- 
pressed primary pressure F.^^ may be written (§ 13, vol. 1.) 



E'= ". "VT^ 



rt'C*.COSw/). 
~dt " ' 



and since *_ 



and 



7~his equation is used in designing transformers and 
choke coils. The values of *_^ for 60 cycle transformers 
of different capacities, as determine*! by experiment and 
use, are shown in the cun'c. Fig. 75. It is usual in such 
designs to also assume a maximum flux density. *_. 
While the value assumed differs much with different man- 
ufacturers, it is safe to say that for 25 cycles (B. varies 
between 9 and 14 kilogausscs ; for 60 cycles between 6 
and 9 kilogausscs; and for 135 tj-clcs between 5 and 7 



^^f^^^^^^M 
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kilogausses. The necessary cross-section, A, of iron, neces- 
sary to give the desired counter E.M.F., as well as the 
number of turns of wire in the primary, is then found frq^H^ 
the above, as 4,._o,.^. H 

{/>) With secondary closed through an outside impedan^^^ 
The flux, which is linked with the primary, is also linked 
with the secondary. Its variations produce in the secon- 
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dary an E.M.F. r times as great as the co\uiler E.M.F. in 
the primary, since there arc r times as many turns in the . 
secondary cuit as in the primary, or ^^H 

■ 

If this secondary be closed through an external inipedanP^^ 
a current /.will flow through this circuit. In the sccrm- 
dary coil the ampere turns, «,/,, will be opposed to the 
ampere turns of the primary, and will thus tend to demag- 
netize the core. This tendency is o|)posed by a read- 
justment of tJie condition.'! in the primary circuit. Any 
demagnetization tends to lessen the counter B.M.F in the ' 
primary coil, which immediately allows more current to 
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flow in the primary, and thus restores the magnetization to 
a value bnt slightly less than the value on open-circuited 
secondary. Thus the core flux remains practically con- 
stant whetlicr the secondary be loaded or not, the ampere 
turns of the secondary being opposetl by a but slightly 
greater number of amiiere turns in the primary. So 

nJ.= r.J,.. very nearly, 

and /.= "j/,^-^/,. 

The counter E.M.I', in the primary of a transformer 
accommodates it-seif to variations of luatl on the secondary 
in a manner similar to the variation of the counter E.M.F, 
of a shunt wound motor under varyuig mechanical loads. 

If the secondary load be inductive or cundensive, then /, 
will lag or lead E, by the same angle that /,, lags or 
leads Eg, still neglecting R^, Ra ^ and hysteresis. In 
such case I, is 180' from, or opposite to, /„ and E, is oppo- 
site to E^ For a more exact statement than the above, 
see§ 54. 

47. Equivalent Resistance and Reactance of a Trans- 
former. — If a current of ddinilc magnitude and lag be 
taken from the secondary (jf a transformer, a current of 
the same lag ajid r times that magnitude will flow in the 
primary, neglecting resistance, reluctance, and hysteresis. 
An impedance which, placed across the primary mains, 
would allow an exactly .lirailar current to (low as this 
primiiry current, is calletl an eqiiivalrnt impedame, and its 
components arc called tqitivaUnt nsislance and equivalent 
reactance. 

f the whole sccondaiy circuit of a transformer with it» 
[ have a resistance R, and a reactance X„ and if the 
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primary pressure be Ep and the secondary total pressure 
En then the current that will flow in the secondary circuit is 

E. 



/ = 



^R^ -h X^ 



and it lags behind E^ by an angle <^, whose tangent is -3- 



Therefore 



E. 



Vi?,2^- jj;2= _!. 



If the equivalent impedance have a resistance R and a 

A' X 

reactance X then the ratios "— and ^* must be equal, since 

R R^ 

the angle of current lag is the same in both primary and 
secondary. And since the current in the equivalent im- 
pedance has the same magnitude as that in the primary 

E„ 



and 
But 

and 



^^^ ViV^-f X"" ' 

/, = r/.. 



T 



^. 



I A 



therefore, V/^ + A'"' = -^ = -. j' = 3 ^^'.' + ^'•'- 



Ikit 



Solving 



R 
X 






^ = —^^,y 



n 

T 



^ ~ ? a;, 

which are the values of the equivalent resistance and re- 
actance respectively. 
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48. Transformer Losses. — The transfnririLT as thus far 
disciiSBCtl would have loo';^ efficiency, no power whatever 
being consumed in the apjxiralus. The efficiencies of 
loaded commercial transformers are very high, being gen- 
erally alx>vc 95% and frequently above 98'}^. The losses 
in the apparatus arc due to (a) the resistance of the elec- 
tric circuits, (6) rcUictuncc of the magnetic circuit, (c) 
hysteresis, and (r/) eddy currents, These losses may be 
divided into core losses and copper losses, according as to 
whether they occur in the iron or the wire of the trans- 
former. 

4<). Core Losses. — {n) F.My current loss. If the core 
of a transfuiiiicr wl-io made of solid iron, strong eddy cur- 
rents would lie induced in It. These currents would not 
only cause excessive heating of the core, but would lend 
to demagnetize it. and would require excessive currents to 
flow in the primary winding in order to set up sufficient 
counter E.M.F. 

To a great extent these troubles are prevented by mak- 
ing the core of laminated iron, the lamins: being trans- 
' verse to the direction of flow of the eddy currents but 
■ longitudinal with the magnetic flnx. ICach lamina is more 
or less thoroughly insulated, from its neighbors by the 
natural oxiilc on the surface or by Jajmn lacquer. The 
eddy current loss is practically indqx-ndent of llie load. 

The E.AF.F. producing these eddy currents is in phase 

with the counter E.Af.F. of the primary coil, both being 

I pnxlnced by the same flux. Its value /:", is cxprcs.scd b)' 

I the fraction ', where P, is the power loss in watts due 

3 eddy currents, and /, is the excitins or ntvload primary 

nirreni. The value of P, is calculated from the following 
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empirical formula, in which perfect insulation betw 
lamina; is assumetl : 

where 

* = a constant depending upon the reluclivity ; 

resistivity of the iron. 
V ~ volume of iron in cm.*, 
/ = thickness of one lamina in cm., 
/ — frequency, 
and 

(B_= ma.'cimuin flux density {*, per cm.*). 
Ill practice i has a value of about 1.6 x io~". 

(6) Hysteresis loss. A certain amount of power, /'„ 
due to the presence of hysteresis, is retjiiired to carry the 
iron through its cyclic changes. The value of /', can be 
calculated from the formula expressing Stcinmctz's Law, 

where 

V = volume of iron in cm.', 

f — frequency, 

(.B_= the maximum flux density. 
and Tf = the hysteretic constant (.003 to .003). 

The portion of the impressed E.M.F. wliich must fc** 
expended in the primary circuit to balance the liysterelic 



A = 



y. 



This is in phase with /,. 

Closely associated with /;\ is another portion of ttlfrl 
impressed E.M.F. which is consimietl in producing the 
cyclical and sinusoidal variations of magnetic flux. This is 
not easily considered distinct from /T^, Consider, however, 
the primary current. There ia but one primary current. 
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At any instant of time a imrtioii of it is balanced ami its 
magnetic effect is neutralized by the demagnetizing cur- 
rent ill the secondary ; another portion is balanced by the 
demagnetizing action of the eddy currents ; and the rem- 
nant is useful in producing the cyclical variations of the 
magnetic flux. If the flux be sinusoidal this portion of 
the current cannot be sinusoidal. This is due to the 
, change in permeability with saturation of the iron core. 
I Neither is the rising current curve the reverse of the fall- 
ing current curve. This is due to the fact that, owing to 
' hysteresis, the permeability on rising flux is smaller than 
I on falling under a given magnetomotive force. This last 
portion of tiie primary current is therefore not sinusoidal. 
I Ah it is but a small percentage of the total current, it is, 
I however, for convenience generally considered as sinusoi- 
dal. To send this distorted portion of the primary current 
i requires a portion of the impressed E.M.F., and this is 
[ made up of two components, — ^, in phase with the pri- 
Iniary current and discussed above, and £_ at right angles 
■with the primary current. This E,^ may be considered as 
Emending that portion of the current sufficient to overcome 
■ihe magnetic reluctance of the ci>re. Being at right angles 
■with /, it represents no loss of jwwcr. During half of the 
mc /, and li_^ have the same direction and during ihe 
Fothur half they are hi opposite directions. The core thcrc- 
l fore altemalety receives energy from the circuit and gi\'es 
|Jt back to the circuit 

To determine the value of F.,^ consider that it must be 
■of such a magnitude as will send through the primary coil, 
■of resistance A",, that ix)rtion. I_^ of the main current _ 
which produces the flux. 
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Representing the reluctance of the core by 61, and the 
magnetomotive force necessary to produce the flux *« by 
OC, from §§ 21 and 25, vol. i., 



whence Z_ = 



and i5'_= 

4 ^^2 «"p 



6\ (R 

I o cR4> I o (il4>^ 

4 7r;/^ 4 V2 TT//, 



V2 'T'''/ 



/^^ is called the magnetizing current of a transformer. 
The primary counter E.M.F., E, is less than the primary 
line voltage by the slight pressure necessary to send this 
current through the primary resistance, thus, 

The value of (R is calculated (§ 24, vol. i.) from 

where / is the length of magnetic circuit, A its cross-sec- 
tion and p the reluctivity of the iron 



\ fi permeabilit}'/ 



In modern commercial transformers the core loss at 
60-^ may be about 707^ hysteresis and 30% eddy current 
loss. At 125-^ it may be about 55% hysteresis and 45% 
eddy current loss. This might be expected, since it was 
shown that the first powxr of/ enters into the formula for 
hysteresis loss, while the second power of/ enters into the 
formula for eddy current loss. 




THE TRANSFORMER. 



103 



The core loss is also dependent upon the wave-form of 
the imjiressLii E.M.I-., a peaked wa\'e reiving a somewhat 
lower core loss than a fiat wave, ll is not uncommon to 
find alternators giving waves so peaked that transformers 
tested by current from them show from 5^ to 10% less 
core loss than they would if ttsted by a true sine wave. 
On the other hand generators sometimes give w;ivcs so 
, flat that the core loss will be greater than that obtained by 
I the use of the sine wave. 

I The magnitude of the core loss depends also upon the 
[ temperature of the iron. Both the hy&teresis and eddy cur- 
rent losses decrease slightly as the temperature of the iron 
r increases. In commercial transformers, a rise in tcmpcra- 
\ turc of 40° C. will decrease the core loss from 5% lo 10%. 
I An accurate statement of the core loss thus requires that 
I the conditions of temperauire and wave-shape be s|>eeificd. 
I The core loss is practically constant at all loads, and is 
the same whether measured from the bigh-lension or the 
I low-tension side, the exciting current in dther case being 
I the same [jcrceniage of the Lorresi>otiding full-load current. 
1 The exciting current varies in magnitude with the design 
I of the transformer. In general it will not exceed 1% of 
\ tile full-load current, and in standard lighting transformers 
. h may be as low as I %. In tnmsfOTmers designed with 
I joints in the magnetic circuit thecxciting current is brg df 
k influenced by the character o( the joints, increasing if t&^| 
k jdtnt is poorly constructed. In the measurement of cotIB 
■ loss, if Lhe priHluct of the impressed volts by the exciting 
tcnrrait is less than twice the mea.<iured n-alts (i.c., if 
Kcos *>.5 or 4 < 60*) there is reason to snsiK%i [Hxirly 
■conHlructed magnetic joints or higher densities in the iroBH 
Rhan gucKl practice allows. ^k 
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50. Copper Losses. — The copper losses in a transformer 
are almost solely due to the regular current flowing 
through the coils. Eddy currents in the conductor are 
either negligible or considered together with the eddy cur- 
rents in the core. 

When the transformer has its secondary open-circuited 
the copper loss is merely that due to the exciting current 
in the primary coil, P^^Rp. This is very small, much 
smaller than the core loss, for both / and R^ are small 
quantities. When the transformer is regularly loaded the 
copper loss in watts may be expressed 

P. = 7,^ + 7?^, 

At full load this loss will considerably exceed the core 
loss. While the core loss is constant at all loads, the 
copper loss varies as the square of the load. 

51. Efficiency. — Since the efficiency of induction appa- 
ratus depends upon the wave-shape of E.ALF.y it should be 
referred to a sine wave of E.M.F., except where expressly 
specified otherwise. The efficiency should be measured 
with non-inductive load, and at rated frequency, except 
where expressly specified otherwise. 

The efficiency of a transformer is expressed by the ratio 
of the net power output to the gross power input or by 
the ratio of the power output to the power output plus all 
the losses. The efficiency, €, may then be written, 



€ = 



where V, is the difference of potential at the secondary 
terminals. 

If the transformer be artificially cooled, as many of the 
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larger ones are, then to this dennminator must be added 
the power required by the cooling device, as power con- 
sumed by the blower in air-blast transformers, and power 
consumed by the motor-driven pumps in oil or water 
cooled transformers. U'hero the same cooling apparatus 
supplies a number of transformers or is installed to supply 
future a<1ditions, allowance should be made therefor. 

Inasmuch as the losses in a transformer are affected by 
the temperature, the efficiency can be accurately si»ecified 
only by reference to some definite temperature, such as 
25' C. 

The all-day efficiency of a transformer is the ratio of 
energy output to the energy input during the twenty-four 
, hours. The usual conditions of practice will be met if the 
calculation is based on the assumption of five hours full- 
load and nineteen hours no-load in transformers used for 
ordinary lighting service. With a given limit to the first 
cost, the losses should )}c so adjusted as to give a maximum 
alt-day efficiency. For in.stance, a transformer supplying 
a private residence with light will be loaded but a few 
hours each night. It should have relatively nnich copjwr 
and little iron. This will make the core losses, which con- 
tinue through the twenty-four hours, small, and the copper 
los.scs, which last but a few hours, com|>arativcly large. 
Tix) much copfxrr in a transformer, however, results in bad 
regulation. In the ca.sc of a transformer working all the 
time under load, there shvnild be a greater proportion of 
iron, thus requiring less copper and giving less copper loss. 
This is desirable in that a loaded tninsformer has usually 
a much greater copj>cr loss than core loss, and a hal\Ti\j[ 
of the former is profitably purchased even at the q\\>c 
of doubling the latter. 
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52. Regulation The definition of the regulation of a 

transformer as authorized by the American Institute of 
Electrical Engineers is as ftsUows ; " In transformers the 
regulation is the ratio of the rise of seconikrj' terminal 
voltage from full-load to no-load (at constant impressed 
primary terminal voltage) to the secondary full-kad volt- 
age." Further conditions are that the frequency be kept 
ciin.'itant, that the wave of impressed E.M.F, he sinusoidal, 
and that the lixid be non-inductive. 

Not the whole primary imprt-ssed pressure is operatic 
in producing secondary pressure, for /^ K^ volts are lost in 
overcoming the resistance of the prim^iry coil. Besides 
this there is a flux linked with the primary that does not 
link the secondary. This induces a counter pressure in 
the primary which neutralizes a part of the impressed 
pressure. Such flux, linking one coil but not the other, is 
called leakage flux. Furthermore, not all of the E.M.F. 
induced in the secondary is utilizable at the terminals. 
There is a drop of /, R, volts due to the resistance of the 
secondary coil, and another drop due ti> a leakage flux 
which links the secondary but nut the primary. All these 
dro|)s increase with load, and therefore, neglecting core 
loss effects, at no laid E,=rEp, but on load, £',<r£",j ami 
the percentage of the full-load secondary pressure repre- 
sented by this fall is the rcgolatinn. 

The leakage flux affects the action of a transformer just 
the same as would an inductance connected in series with 
the same transformer, the l.Ttter having no leakage flux. 

The leakage flux increases with the current ; and if, for a 
current /it be *, then the value of the induclance, Lt:k 
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I is the number of turns in ihe coil, A method of 
alculating L, the cijuivaUnt iiiduclatuf, is given in the ] 
lext article. 

The resistance of the secondary causes a drop /, R,. j 

The same effect on the rcfjulalion would he caused i( the I 

Mzondary resistance were zero and another resistanceJ 

whose value is A'^^ -,* were inserted in the primary cir-l 

The imaginary primary drop, resulting from this 1 

iertion, has to be but - as great as the actual secondary 1 

Brop to be as great a percentage of the impressed j?, , 
ind there is r times as much current to cause it, hence j 
= --J, The ijowcr lost in this imaginary resistance is J 
//^y and this equals the power really lost in the secondary I 
^R^ since /, = t/., and R^= - {. 

In order to calculate the regulation, consider this cquiv- 
llcnt of secondary drop to be accounted for in llie primary, 
"hen for a given impresscti E.M.J', on the primary. /-,,, the I 

minal voltage on the secondiiry will be 
t no loatl f:^ = rE^. 

t primary loiid Z^. 

V. = r[E,- /,(R, + A") cos 4, - a././, sin .*]. 
^hcre /:'. = secondary- pressure gcncratwl, 

I'*, = dilTcrcnce of potential at secondary Icnninals, 
/. = /., + y., as caleid;iled in the next section. 
ind ^ = angle of lag of /, behind £,. 

Then from the definition of regulation, when / in the | 
m;ule ecjual In the full-load current. 



Regulation = 



:/•■ - K 



io8 
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53. Calculation of Equivalent Leakage Inductance. — 

The arraiigemem of one uf Ihi; nmst usual kinds of core 
tyjie t laiisforaicrs called 
the " lype H," is shown 
in Fig. 76. The coarse 
wire is wound inside the 
line wire, and as then 
arc more generally used 
as step-down transformers 
the latter will be called 
the primary. 

Fig. TJ shows one leg 
of the transformer, giving 
the paths of leakage flux 
P'8- J*- and the system of notSo 

tion employed. The discussion is carried on entirely in 

c. G. 5. units. Consider the sccunilary (coarse win.-) cuil 

first. 





The M.M.F. tending tc 



: iron is -^. ui .j 



whole Ji/.Jf.F. of the secondary, so for any element. I 
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Since the permt-abilily of iron is roughly 1000 times 
that of air, no appreciable error is introduced by consider- 
ing the whole reluctance of the circuit of the leakage flux 
to be in the air portion of that circuit. If it be assumed 
that the lines of force follow a circular path from the end 
of the coil to the iron, the length of the air portion of the 
magnetic circuit for any clement is C + xx. The use of 
this value will result in an integral expression, simple 
enough in theory, but too unwieldy to be introduced on 
these |jages. Since the purlion of the air path outside 
the coil (the curved portion) is a small part of the whole 
path, no serious error will be intriKliiccd by assuming 
that the leakage flux from any element follows a path 
whose length is the average length C + Tr — ■ The cross- 
section area of the air jiart of the magnetic circuit for any 
element is {2/1+2 li + S.r)dx. Therefore the reluctance 
of any element is 

C + '^A' 
(R = 



2{A + B + 4*)(& 
The elementary leakage flux, d*, is then 



2{A + /i + Ax)dx 

c+\x 



Since this nux li 
number of linkage 



iks with ' of liie secondary Ui 



/ - \ ^ Y ^ / - V 



(c^l.) 



(c+Ja-)a 



no 
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By definition (§ 8) the coefficient of self-induction, /, 
is numerically equal to the number of linkages per unit 
current. Therefore 



^/,= 



linkages 8 7rn^{A -{- B -\- \x) x^dx 



The limits of the variable x are o and X, therefore 



/.= 



\-'^ x\X'^ ^ 



(c + "a' 



/.= 



8 



c + 



^^^ r 

''x\x'^ 



A-V B 



X 



' + ^^], 



/. = 8 irn:X 



A-^B-V^X 
C-^^'^X 

2 



This applies to one leg of the transformer, 
legs, upon reverting to practical units, 



/.. = „7r;/.-A 






For the two 



all the terms of which are either absolute numbers or 
linear dimensions in centimeters. 

It cannot be objected that this analysis does not take 
account of the leakage flux that does not travel the whole 
length of the coil, C. It is a true statement for any 
length, and therefore might be applied to the elementary 
length dCf which when integrated would give the result 
stated above. 

The value of Z, is determined in the same way, and the 
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expression therefore is quite similar. There can be no 
iron in the path of the leakage flux from the outside coil, 
s<) the reluctance will be twice as great. The value that is 
represented by A for the inner coil becomes A + 2^^+ 2^ 
for the miter. Likewise /I h replaced hy B + '2X-^2g,g 
beint; the space occupied by insulation between the coils. 
Then 

If the secondary circuit is open the secondary coil is 
idle, equivalent to so much air, and all the flux set up by 
the primary is leakajje flu.\. 

As the secondary resistance can be replaced by an 
equivalent |)rimary resistance, R^^ -—, tor purposes of 
calculation, so also the secondary inductance can be re- 
placed by an equivalent inductance in the primarj, i,= —'. 
These values, Lp and /.,, are to be used in the formula at 
the end of the last section for determining the regulation 
of a transformer. 

54. Exact Solution of a Transformer. ~^ In the treat- 
ment of regulation, efficiency, etc., heretofore, certain 
small errors have been allowed, due to neglecting the 
effects of the cure, eddy currents, and hysteresis losses. 
The following graphic solution, adapted from Steinmctz, 
takes account of all these effects, and is general in all 
respects. 

It must first be t]ndersto<xi that there are three fluxes 
to be considered: (i) The useful flux that links both coils. 
It is nut in any definite phase with either /, or /, It is, 
however, always al right angles to the E.M.P. it iiKliices, 
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the direct in the secondary, and the counter in the primary. 
(2) The leakage fliix of the primary coil. This link s the 
primary only, and being independent of /. is alwa] 
phase with /,. (3) The leakage flux of the secondai 
This is similarly in phase with /,. 

Let £,= E.M.F. induced in secondarj' 

(-; = difference of potential al secondary ter- 
minals, 
E^ = impressed primary pressure, 
E. 



= operative part of ^p f j?„ = — ^J 



fp and /, = primary and secondary currents rcs]]ectivel]d 
^P and <^, = lag of primary and of secondary currents^ 
respectively behind £p and E„ 
y — angle of lag of AI.M.F. behind useful flux. 

The problem is : Given the necessary data of the 
former, to determine its bch.avior with any specified 9 
on the secondary, 

As in Fig. 78, draw the line *, representing the \ 
tion of the flux, vertically for convenience. In this analy- 
sis, the no-load exciting current is sejiarated into two com- 
ponents. One is used in neutralizing (he demagnetizing 
effect of the eddy currents. The other, /„ is the magn<^ 
lizing current and is also made up of two comjJononts, one 
in phase with the primary pressure E^^ and the other at 
right angles with it. The relative magnitudes o£ these 
two components are dependent upon the shape of the 
hysteresis curve of the iron. Onco determined ibcy may 
be represented as /, cos j3 and /, sin jS where (3 is termed 
the angle of hysUrelic log. When multiplivd by F.^, ihe 
first represents the power lost in hysteresis ; the second 
the power passing backward and forward between 
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mAgnctic field and the circuit. If to the former the [xiwer 
lost in eddy currents, H'„ be added and the two be tom- 
biiicdwith ihe bltcr as in Fig. 79 an anglt- y results, xvhich 




PlI. JS. 

represents the lay of the magnetomotive force. Dctermti 
the angle y in this manner. Draw the line M.M.F. (F 
78) y ahead of 4 indicating in direction and magnitude the 
ampere turns which must exist to set up 
Ihe flux *. Its v;duc is determined < 
ing the transformer design. Draw frc 
the center the line E„ 90° ahead of t 
flujc, representing the operative prim 
pressure. Its length is - li, and i 
opposes the (X)untcr primary pressure, i1 
^' "■ set ahead of the flux. Draw the line I 

90° lichind ♦, representing the pressure induced i 
secondary. Its k-ngth is proportional to the no-load 1 
ondary Icrminal pressure. 
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The anglo ^„ the lag due to the whole secondary cir- 
cuit, is known. Draw /, al <^, behind £"„ and extend it 
till its length is proportional to the secondary ampere 
turns, /, 71,. This line represents one component of the 
magnetizing force. From this component line and the 
resultant line M.M.F, determine the other component 
/p Hp. Divide this by //„ and the primary current is dis- 
covered in magnitude and phase. 

There is a drop of I^ Rp volts in the primary. The im- 
pressed pressure that compensates for this is in phase with 
/j,. A counter voltage go° behind /, will be set up due to 
the primary leakage flux. Its value is iu/,p /^. To over- 
come this an impressed pressure must be supplieil opposite 
it in phase or 90° ahead of the current. In a side figure 
vectorially add /^A'^ in the phase of Z^, and «iZ,, /, 90" 
ahead of this phase. This gives the direction and magni- 
tude of the drop J,, in the primary. Properly add lip to the 
operative pressure ii^and the necessary impressed pressure 
Ef, is the resultant. The angle between 1,, and E^ is 
the angle of lag <^,, of the primary current. It slightly 
exceeds ^,. 

The pressure E, is generated in the secondary ci 
There is a drop of /. A', volts in this coil in phase wil 
A counter voltage 90^ behind /, will be set up due ta' 
secondary leakage flux. Its value is ti>/,_ /,, To overcom? 
this (oA, /, volts generated at 1 80" from this (i.c.. 90° ahead 
of /,) will be consumed. In a side figure \ectorially add 
/, R, in the phase of /. and w/., /, at 90" ahead of this 
phase. This gives the drop if, in the secondary coil. This 
drop must be subtracted from the pressure generated to 
give the scctrndary ti-rminal volls. To subtmct a vector, 
revolve it i8o° and proceed as in addition. Properly sub- 
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tract d, from E, and the resultant, V,, is the potential ( 
ference at the terminals of the secondary coil of 
transformer. 

By constructing this diagram for full load /, and thd 
for I, = o, the regulation of a transformer can be found I 
the ratio of the difference hi:tween the values of V, in each 
case to the full load / ',. The efficiency at any load can be 
determined from the tliugnim for thiil lo;id, by 

'' A,/„cos (i^" 
Fig. 78 is not the true diagram of a commercial trans- 
former. For clearness a ratio of i to 1 has been imrtraycd 
and the losses greally exaggerated. In practice it will be 
found impossible to complete the solution graphically 
because of the extreme flatness of the triangles. Tlie 
better way is to draw an exaggerated but clear diagram, 
and obtain the true values of the sides by the algebra of 
complex imaginarj quaniities, or if the student is unfa- 
miliar with this metlnKi. by the more laliorious methtxls 
trigonomclry and geometry. 

55. Methods of Connecting Transformers — Th 
numtruus methods of connecting transformers 
ing circuits. The simplest case is 
that of a single transformer in a 
single-phase circuit. Fig. So shows 
such an arrangement, This and 
the succeeding figures have the 
preaaurc and current \falucs of the 
idifTerent jwrts marked on them, as- 
suming in each case a i k.w., i to 10 
Btci»-down transformer. As in Fig. 81, iwu 
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formers may have their primaries in parallel on the same 
circuit, and have their secondaries independent. If the two 
secondaries of this case are connected pro[)erly in series 
a secondary system of double the potential will result, or 
by adding a third wire to the point of juncture, as sho\vn 
by the dotted line of Fig, 82, a three-wire system of dis- 
tribution can be secured. The secondaries must be con- 
nected cumulatively ; that is, their instantaneous E.M.F.'a 
must be in the same direction. If connected diffcrcntialty, 
there would be no pressure between the two outside sec- 




ondary wires, the instantaneous pressures of the tw 
being equal and opposed throughout the cycle. Again, 
with the same condition of primaries, the secondaries can 
be connected in multiple as in Fig. 83, Here the connec- 
tions must be such that at any instant the EMJ-.'s> o£ the 
secondaries are toward the same distributing wire. The 
connection of more than two secondaries in serie-s is not 
common, but where a complex network of secondary dis- 
tributing mains is fed at various points from a high-tenwg) 
system, secondaries are necessarily put in mulltple. 
In many types of modern transformers it is 1 
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wind the secondaries (low-tension) in two separate ai 

similar coils, all four ends being brought outside of tl 
This allows of connections to twowire systems 

either of two pressures, or for a three-wire system accoi 

ing to Figs. 82 and S3, to be 

made with the one transformer, 

this being more economiad than 

Usbig two transformers of half 

the size, both in first cost and 

in cost of operation. In many 

transformers the primary coils 

are also wound in two parts. 

In these, however, the four ter- 
minals are not always brought 

outside, but in some cases arc 

led to a porcelain block on which 

and a pair of brass links, allowing the coils to be arranged 

in series or in multiple according to the pressure of the 

line to which they are to be connected. From this block 
two wires run through su 
bushed holes outside the 
A two-phase four-wire s 
can be considered as two 
pendent single-phase systei 
transformation being 
plishcd by putting similar 
"<■ •«■ phase Ir^nsformcrs in the circi 

each phase. If it is desired to tap a two-[ihi 
to sujiply a two-phase ihrec-wirc circuit, I 

Arrangement of Fig. S4 is employed. By the rcvci 

connections two-pliasc three-wire can be transformed 
interesting tran&fornicr 



s four } 



Pl(. »s. 

:rew-connectorKl 



^fi 



Ll_ 



one or 
circtiil 
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tion is that devised by Scoll, which permits of transfor- 
niatioQ froin Iwo-pliasc four-wire to three-phase three-wire. 
Fig. 8s shows the connections of the two transformers. 
If one of the transformers has a ratio of lo to r with a 
tap at the middle [joint of its secondary coil, the othi-T 

.:3\ 



must have a ratio of lo to ,867 [10 to 
minal of the secondary of the latter 



One ter- 
connected to t 





middle of the former, the remaiiiing three free terminals 
being connected respectively to the three-phase wires. In 
Fig. 86, considering the secondary coils only, let mn rep- 
resent the pressure generated in the first transformer. 
The pressure in the second transformer ia at right angles 
(§ 5) to that in the first, and because of the manner of 
connection, proceeds from the renter of mu. Therefore 
the line o/' represents in position, diretlioii, and magniludc 
tile pressure generated in liTe~ second. From the geo- 
metric conditions w/«/ is an equilaterial triangle, and the 
pressures represented by the three sides are equal and at 
60" with the others. Thi.s is suitable for supplying a 
Ihree-phase system. In power transmission plants it is 
not uncommon to find the generators wound twu-phai 
and the step-up Inuisformers ;inangi.'d to feed ; 
phas<:_Une^ 
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In America it is common to luse one transformer for 
each phase uf a three-phase cinuit. The three transfunii<^ 
ers may be connected either Y or A. They may be YoaS 
the prim;iry and A on the sccnii<lary, or vice lu-rsa. Fig. J 
87 shows both primary and 
secondary connect ctl A. 
The pressure on each pri- 
mary is 1000 volts, and as 
i-K.w, transformer was 
assumed, i.e., i k. w. per 
phase, there will be one 
Bmpcre in each, calling for 
'■7 C^i) amperes in each 
primary main (§, a). This arrangement is most desirable] 
Where coniiniiily of service is requisite, for one uf lh6J 
ransformers may be cut out and the system still b^l 
operative, the remaining transformers each taking up thtf 
difference between j and ^ the full load; that is, if the; 
system was running atj 
full load, and one transH 
former was cut out, theJ 
other two would bcovcr-i 
loaded 1 6| i>cr cent. \ 
Kven if two of them 
were cut out, service 
over the remaining phase! 
could be maintained. Iq 
is not uncommon to rcg^S 
tllarly supply motors frcjm three-jihase mains by iw 
Ifhat larger tran-iformers rather than by three smallei 
Fig. 88 shows the connt-ctionH for both primari 
secondaries in Y- If in ^^ arrangement one tratu 
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former be cut out, one wire of the system* becomes idle, 
and only a reduced pressure can be maintained on the re. 
maining phase. The advantage of the star connt:ciion lies 
in the fact that each iransformer need be wound for only 
57.7 per cent of the line voltage. In high-tension trans- 
mission ibis admits of building the transformers much 
smaller tban would be necessary if they were A connected. 
Fig. 89 shows the connections for primaries in A, second- 
aries in Y ; and Fig. go those for primaries in Y and sec- 
ondiiries in A. Hy taking adi'antage of these last twQ 
arrangements, it is possible to raise or lower the vol 




with 1 to I transformers. With three i to i transfii 
ers, arranged as in Fig. 89, 100 voJts can be transformed 
to 173 volts; while if connected as in Fig, 90, 100 volts 
can be transformed into 58 volts. 

Fig. 91 shows a transformer and another one connected 
as an autotransformer doing the same work. Since the 
required ratio of transformation is i to 2, the autntrans- 
former does tbc work of the regular transformer with one- 
half the first cost, one-half the losses, and one-half the 
drop in iMitcntia! (regulation). The otdy objection to thj* 
method of transformation is ibat the primary and Bccund- 
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&ry circuits art' not separate. With the circuits groiinded 
tt certain points, there is danger that the insulation of the 
low-tension circuit may be subjected to the voltage of the 
high-tension circuit. One coil of an aulotransfomicr must 
be wound for the lower voltage, and the other coil for the 

1 „i 



difference between the two voltages of transformation. 
The capacity of an autolransformer is found by multiply- 
ing the high-tension current by the difference between the 
two operative voltages, Autotransformers are often called 
rompensators, Compensators are advantageously used 





where it is desired to raise the potential by a sm 
amount, as in boosting pressure for very long feeda 
Fig. 92 shows three 1 to 3 Iransforracrs connected in J 
a three-phase system, and three l to 1 compensators c 
nectcd in Y 'o <I" the same work. 
From a. two-phaKc circuit, a single-phase E.M.F. of ; 
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desired magnitude and any desired phase-angle ma^ 
secured bj' means of suitable transformers, as showi 
Fig. 93, Suppose the two phases A' and J'of a two-phase 
system be of 100 volts pressure, and it is desired to obtain 
a single-phase E.M.F. of 1000 volts and leading the ph; 
A" by 30°. As in Fig, 94, draw a line representing 





direction of phase A'. At right anjilcs thereto, draw 
representhig the direction of phase Y'. From their inter- 
section draw a line looo units long, making an angle of 
30° with A'. It represents in direction and in length the 
phase and the pressure of the required E.M.h'. Resolve 
this line into coniiionents along A' and K and it becomes 
evident that the secondary of the transformer connected 
to A' must supply the secondary circuit with 866 v<»U3 
and that the secondary of the other must supply 500 volts. 
Therefore the transformer connected to A' must step-up 
I to 8.66 and that connected to Kmust stci^-up I to 5. If 
10 amperes be the full load on the secondarj' circuit, the 
first transformer must have a capacity of 8,66 k.w., and the 
second a capacity of 5 k.w. The load on Ji and 1' is not 
balancetl. 



56. LighHng Transformers. — Because of their cxti 
use on lighting distributing systems. Ihc rann 
turers have lo a great extent standardii^ed their lines 
lighting transformers. Power tcai^'ig 



nes of^ 
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well standardized, probably because they are generally used 
in such large units as to warrant a special design for 
each case. 

The Wagner Electric Mfg. Co.'s "type M " transformer 
is illustrated in Fig. 95. It is of the shell type of con- 
struction, makers using this type claiming for it superiority 
of regulation and cool running. In the shell type the iron 

w 



'k cooler than the rest of the transformer. In the core type 
it is hotter. As the "ageing" of the iron, or the increase 
of hysterctic coefficient with time, is believeil to be aggra- 
vated by heat, this is claimed as a point of superiority of 
the shell type. However, the jirlme object in keeping a 
transformer cool is not to save the iron, but to protect the 
insulation ; and a.s the core type has less iron and generally 
less iron loss, the adviuitages do not seem to be remarkably 



124 



ALTEKNATING-CURRENT MACHINES. 



in favor of either. In the Wagner "type M " transformers 

the usual practice of having two sets of primaries and sec- 
ondaries is followed. 
Fig. 96 shows the three 
coils composing one 
set. A low-tension 
coil is situated between 
two high-tensioned 
coils, this aiTangement 
being conducive to 
-mid regulation. The 
I'li.'.d nitjthod would be 
ii> have the coils still 
more subfljvided and 
interspersed, but prac- 
tical rcas'ins prohibit 
this. Fig. 97 shows 
^'' **' the arrangement of the 

coils in the shell. The space between the coils and the 

iron is left to facilitate the circulation of the oil in which 

they are submerged. 

The lamina: for the 

shell are stami)cd 

each in two parts and 

assembled with joints 

staggered. As can be 

seen from the first 

cut, all the terminals 

of the two primary 

and the two secon- 
dary coils are brought outside the caac. Ilie small 

of this line of tran.s formers, those under I 
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sufficient area to allow iheir running without oil, so the 
manufacturers are enabled lu fill the retaining case with 
an insulating compound which hardens on cooling. 

The General Electric Co.'s ■■ H " transformers are of 
the core type. In Fig. 76 was shown a sectional view giv- 
ing a gCKxi idea of the arrangement of parts in this type. 
Fig. 71 is also one of this line of transformers. In it is 
shown the tablet board of porcelain on which the connec- 
tions of the two high-tension coUs may be changed from 
series to parallel or vicg viTsa, 
so that only two high-tension 
wires are brought through the 
case. Fig. 98 shows the ar- 
langenient of the various parts 
in the assembled apparatus. 
The makers claim fur this type 
that the coils run cooler because 
of their being more thoroughly 
surrounded with oil than those I 
of the shell type. Another 
pcHitt brought forward is that 
a^per is a better conductor of 

heat than iron; the heat from the inner portions of the 
iqiparatus is more readily dissi[)ated Ihan in the shell tyj»c. 
The core has the advantage of being made up of simple 
rectangidar pitnchings, and the disadvantage of having four 
instead of two joints in the magnetic circ-uit. A particular 
advantage of the "type M " transformer is the ease and 
certainty with which (he primary- windings can be sepa- 
rated from the secondary windings. A pro|)t:rIy formed 
seamless cylinder of fiber can be slipped over ihc inner 
winding and the outer one wound over it. This is much 
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; secure than tape or other material that has to be 



wound on the coils. 




Fig. 99- 

The Weatinghouse " O. D." transformers are of the 
shell type. The construction of the separate parts is 
shown in Fig. 99. The coils are wound narrow and to the 
full depth, and high-tension and 
tow-tension coils alternate side 
by side instead of from the 
center out. Fig. 100 shows a 
2 K.w. O. D. transformer with- 
out the case. A tablet board 
is used for the terminals of 
the high-tension coils, but the 
low-tension wires are all run 
out of the case. Fig. 1 1 
shows one of the coils. Tj-pe 
O. D. transformers are built 
from { to 25 K.w. for lighting 
and to 50 K.W. for power. 

lose of IQ. K.W. or les 





in cast-iron cases, those above lo k.w. in corrugated iron 
cases with cast tops and bottoms. The corrugations quite 




Ikfi 



> 



inaleriully incrisisi: the radiating surface. The windi 
arc submerged in oil. 
^n example of the Stanley Electric Manulacturipfi C 
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standard lint; of ''type A. O." transformers is given in 
Fig. 102. These are alsu of the shell type, with divided 
primaries and secondaries, four of the eight which belong 
to a single transformer being shown in Fig. 103, 




57. Cooling of Transformers The use of oil t 

in the dissipation of the heat produced during the opera- 
tions of transformers is almost universal in sizes of less 
than about 100 k.w., especially if designed for outdoor 
use. Some small transformers are designed to be self- 
ventilating, taking air in at the bottom, which goes nut at 
top as a result of being heated. They are not welt pro- 
tected from the weather, and are liable to have the natural 
draft cut off by the building of in.sects' nests. Larger 
transformers that are air cooled and that supply their own 
draft are used to some extent in central station.** and other 
places where they can be properly protected and attended 
to. A forced draft is. however, the more common. Where 
fiuch transformers are employed, there arc usually .1 number 




of them ; and they are all set up over a large chamber into 
which air is forced by a blower, as indicated in Fig. 104. 




m> 104. 



Dampers regulate the flow of air through the transformc! 
They can be adjusted so that each transformer gets its 
proper share. 

Fig. 105 shows a General Electric Company's air-blast 
transformer in process of construction. The iron core is 
built up with spaces between the laminx at intervals ; and 
the coils, which are wound very thin, are assembled in 
small intermLxed groups with air spaces maintained by 
pieces of insulation between them. The assembled struc- 
ture is subjected to heavy pressure, and is bound together 
to prevent the jxjssibility of vibration in the coils due to 
the periodic tendency to repulsion between the primary and 
the secondary. These transformers arc made in sizes from 
100 K.w. to 1000 K.w. and for pressures up to 35,000 volts. 

Another method of cooling a large oil transformer is to 
circulate the oil by means of a pump, passing it through a 
radiator where it can dissipate its heat. Again cold water 
is forced through coils of pipe in the transformer case, and 
it takes up the heat from the oil. There is the slight dan- 
ger in this method that the pipes may leak and the water 
may injure the insulation. Water-cooled transformers 
have been built up to 2000 k.w. ca|)acity. 
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In those cases where the transfomier requires some 
outside power for the operation of a blower or a pump, 
the power thus used must be charfjed against the 1 




In general this 
% of the tran»> 



former when calculating its efficiency, 
power will be considerably less than 
former capacity. 

58, Constant-Current Transformers. — For oiiera 
series arc-light circuits from constant polenlial alternating- 
current mains, a device called a constant-current trans- 
former is frequently employed. A sketch showing the 
principle of operation Is given in Fig. 106. A primary 
coil is fixed relative to the core, while a secondary coil i» 



lerai^^H 
mal^^^ 
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[ allowed room to move from a close coatact with the 

' primary to a considerable distance from it, This secon- 
dary coil is nearly but not entirely 
counter-balanced. If no current 
is taken off the secondary ihat 

I coil rests upon the primary. 

i When, however, a current flows 

I in the two coils there is a repul- 

I »ion between them. The counter- 

[ poise is so adjusted that there is 

equih'brium when the current "'' "*■ 

is at the proper value. If the current rises above 1 

[ value the coil moves farther away, and there is an increasee 

I amount of leakage flux. This lowers the E.M.F. induced'l 
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in the secondary, and the current falls to its normal value. 
Thus the transformer automalically delivers a constant 
current from its secondary when a constant potential is 
impressed on its primary. 

Fig. 107 shows the mechanism of such an apparatus as 
made by the General Electric Company. The cut is self- 
explanatory. Care is taken to have the leads to the mov- 




ing coil very flexible. Transformers for 50 laind 
more are marie with two sets of coils, one primarjl 
being at the bottom, the other at the top. The moving' 
coils are balanced one against the other, avoiding the 
necessity of a very heavy counterweight. Fig. 108 shows 
a 5o-!ight constant-current transformer without its case- 
Fig. 109 shows a complete 25-1amp apparatus. The t 
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is filled with oil, the same as an ordinary transformei 

Great care must be taken to keep these transformers \> 

and to assist in this the larger sizes have spirit-levels builtl 




I into the case. A pair of these transformers can he spo- 1 
tcially wound and cijnnected to supply a series arc-light f 
Bcircuit from a three-phase line, keeping a balanced laid on'1 
fthe latter. 

59- Design of a TraoBf ormer. — The method of dcslgn-J 

linga transformer dejicnds upon the specifications asto courl 

[Atructiun and operation, and upon various values whid 

Uhe designer is forced or sees fit to assume. The foUowinj 

; method : — 

Specifications. — These usually give the capacity 

raits, the frequency, the primary voltage, the sccondat 




voltage, and the conditions of operation, place of installa- 
tion, whether loaded all day or not, etc. 

Assumptions. — The assumption of the following quanti- 
ties is usually preliminary to any calculation, — the shape 
of transformer, -the current density in the primary, the 
current density in the secondary, the turns in the primary 
coil, and the maximum flux density in the iron. The 
method of design is one of cut and try. A number of 
values of flux density and various numbers of primary turns 
are assumed. Efficiency curves are calculated for the 
various arrangements. The most efficient is ultimately 
selected ; or if none are satisfactory, the course of the 
design will have brought out the proper direction to take 
in making new assumptions. 

The following design refers to a core-type, step-down, 
lighting transformer of about 5 k. w. capacity. The as- 
sumptions are: looo circular rails per ampere in the 
primary, 1500 circular mils per ampere in the secondary 
(because this is inside, and has less opportunity of dba 




pating its heat), 500, 700. and 1 OX) turns prtmwjT 
successively, and 2000, 3000, and 4000 gausses maximum 
flux density. The transformer will have the shape shown 
in Fig, no. Recause of the general use ot the English 
units of measure by most practical mechanics, the iUmen> 
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sions indicated are all expressed in inches. The ratio 

- := m may be conveniently assumed as /ii = 1.5, and the 
o 

c 
ratio - = « is likewise generally made « = i. 

a 

I. To obtain the area, A, of the core in square centi- 
meters. 

Let E = impressed primary E.M.K, 

(B.= assumed maximum flux density, 
7; = assumed number of turns in primary, 
and / = frequency. 

The instantaneous value of the counter E.M.F. of self- 
induction will be (§ 13, vol. i., § 3) 

y _ T^d^' _ T,d (*, sin «/) 

^ '"'~~dr- Jt ' 

/ = — ^*«w cos W, 

because the maximum value of the cosine is unity. 

^=^ = - Viir/7;*.. 

V2 

At no load this is equal and opposite to the primary im- 
pressed pressure, so remembering that 

10^ E 



lO' 



II. To obtain c and d in inches. 



c 

3 = «» 
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A 



€d=^ 



c =^ n 



6.45 



and // = - 



2.54 



n 2.54 

III. To obtain the depth of coil winding t^ and t, 
inches. 

Let d, = diameter of primary wire, including insulation, 

in inches, 
//, = diameter of secondary wire, including insula- 
tion, in inches, 

as found from a wire table ; then, allowing J inch at es 
end for insulation, 



/.= 



2 " 



I 

a 

2 



approximately, since but half the primary is wound 
each limb and 

r, — • > 



2 I 

a 

2 



E 

where t is the ratio of transformation, ~ 

The value of a is found in the next paragraph. 
IV. To obtain a and b /;/ inches. Evidently the tra 
former could not be assembled unless 

^ > 2 (/^ -f /. -f insulation and clearance). 
Assume ^ = 2 ( /^ + /, + g j • 
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Now 
and 

so 



a = mby 

'•="-(1)' 



--■"■[''+"#+1] 



T 



But also, 



^.= 



a 

2 



so substituting and transposing, 

(«-^)h0=-.4-(t)T 

All the terms of the right-hand member are known, so 
it may be reduced to a simple number, and set equal to K, 
Then 



-.(!».+ 1) = AT- |.,, 



and 



« = (l"^i)±V'(^--|")+(l" + i) 



^ = 



m 



V. To obtain the volume v of iron in cubic centimeters, 
— About 90% of a volume occupied by laminated iron is 
metal. 

f;=2(a4-^-h2r) xrx//x 2.54 X 0.9. 

VI. To obtain the ivatts P^ lost in hysteresis. — Accord- 
ing to Steinmetz's Law, using 1; = .003, 

Hysteresis loss = .003 v(S^J'^ ergs per cycle. 
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VII. To obtain the resistance of the secondary R, in 
ohfits. — Although surrounding a rectangular core, the coils 
are usually approximately circular in section, for con- 
venience in winding and in insulating. If the section of 
the core varies considerably from the square, allowance 
can be made in estimating the length of a mean turn. 

Considering the coil as truly cylindrical, and allowing \ 
inch insulation between it and the core, the length e 
mean turn 



1 



The total length of primary wire (both limbs) is then rTy, 
and its resistance can be found directly in a wire table 
giving the hot resistances of wires ; or, it may be assumed 
that the transformer will operate at such a temperatiir^ 
that one mil foot has 1 1 ohms resistance, then 



TT,.2ir 



VI 11. To obtain the resistance of the primary \ 
ohms. — Similarly to the above, the length of a mean turil 



I 



allowing -^^ inch insulation between the two coils, and the 
total length of primary wire is TJ. 

The resistance can be found in a tabic, or calculated 
from 



II T. 






+ i + '.+ 



i6^ 
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IX. To ubtiun t!ic foiuault currcnl loss P, in trails. - 
1 Steinmetz has given the empirical formula 

P,= .o-'«r(.vyiB.)', 
[ where x is the thickness in mils of one bmina, Tran* 
I former iron may be assumed to be from lo to 20 mils L 
\ thickness. 

X. To obtain the efficiency at any loiui, /.. inpercent.- 

£./. 

f for a lighting transformer. If the load be inductive thq 
F term EJ,, whenever it occurs, must be multiplied by thi 
L power factor (cos ^). llie error invt>ived in the assmnp^ 
|!tion /,= r/, is negligible. 

After calculating the values in i.-:ifh "f the prccedinj 

■steps for the three values of T^ and the three values < 

. suggested, the efficiency curve of each transforma 

Ishould then be drawn, taking points at ^,{, j, |, and fulfl 

*"load. After having selected the most suitable, determin 

the following values. 

XI. To detit-mine the alUiay efficiency in per cent. - 
The average lighting transformer is found to be 1oad«( 

[ equivalent to full load for 5 hours, and no load for 
r^Jiours, per day. The all-day efficiency i; 
K1UI hoars output 
tvatt heum input 



- per .liy. 



with non-inductive load, f„ being the fuU>load .secoiv 
■current. 

XII, To determine the regulation in percent. — In \ 
1 the method of caUculatJng the maj 
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of this type of transformer. Call the flux linking only the 
primary coils <^^ (this is twice that which links the coil of 
one limb of the transformer). Call that which links only 
the secondary coils <^.. There is practically no voltage 
drop at no load, so ^.= rE^, At full load there is a drop 
in the primary and in the secondary, due (a) to IR drop, 
(b) to self-induction caused by leakage flux. Knowing 
this leakage flux, by the formula of paragraph I., this sec- 
tion, calculate the voltage drop in primary and in secondary 
coils, thus, 

and ^^ = I o-« V2 tt/t 7;<^.. 

The regulation, expressed in per cent, is 

Regulation = t?- t (^.l±^^_^-_+^.] ,00, 

where 1^,-^1^, and is the full-load current. Regulation as 
stated refers to a non-inductive load. 
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60. Rotating Field. — Suppose an iron frame, as in FigJ 
111. t" be provided with inwardly projectinK jwlcs, and tharf 
tliese be di^ided into Ujrec groups, arranged as in the dia'1 
gram, poles of the same srniip 
^_ being marked by the same 
^Hlettcr. If the poles of each 
^^B^oup be alternately wound 
^Bin opposite directions, and l>e 
^^V connected to a single source 
^V-of F,..MJ-., then the resuhing current 
V would magnetize the interior faces al- 
ternately north and south, If the im- 
pressed E.M.F. were ailemating, then 
Lthc p ilarity of each pole would change "<■ '"■ 

with each half lycle. If the three groups of windir 
f be connectctl respectively with the three terminals of i 
|three>phase supply ciraiit, any three successive poles w 
KlisEunie successively n maximum fMlarity of the san 
, the interval required to pass from one pole to i 
Iftcighbor being one-third of the duration uf a half cycle 
KThe maximum intensity of cither polarity is therefor 
Ipasscd from one pole to the next, iuul the result is a 1 
vittgfitid. If the frequency of the supply E.M.F. be/, z 
^ there be f< p.iirs of poles per phaae, then the field ' 
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make one complete rcvnluti'in in -. seconds. Il will Ihere- 

fore make t = ^ complete revolutions per second. A 

rotating field can be obtained from any polyphase supply- 
circuit by making use of appropriate windings. 

61. The Induction Motor — If a suitably mounted hollow 
conducting cylinder be placed inside a rotating field, it will 
have currents induced in it, due to the relative motion be- 
tween it and the field whose flu\ cuts ihe surface of the 
cylbder. The currents in combination with the flux will 
react, and produce a rotation of the cylinder. As the cur- 
rent is not restr^ned as to the direction of its path, all of 
the force exerted between it and the field will not be in 
a tangential direction so as to lie useful in producing rota- 
tion. This difficulty can be overcome by slotting the 
cylinder in a direction parallel with the axis of revolution. 
Nor will the torque e.xerted be as great as it would be if 
the cylinder were mounted u|)on a laminated iron core. 
Such a core would furnish a path of low rcKictanco for the 
flux between poles of opposite sign. The flux for a given 
magnetomotive force would thereby be greater, and the 
torque would be increased, 

Induction motors operate according to these principles. 
The stationary part of an induction motor is called the f/ator, 
and the moving part is called the rvtor. It is commcin 
practice to produce the rotating field by impressing jF.jI/".^. 
upon the windings of the slator. There arc, however, 
motors whose rotating fields arc produced by the currents 
in the rotor windings. 

Fig. 1 1 2 shows the stitor core and frame of a Westing- 
house induction motor, aiid J 
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, the windings in place. Each prnjection of the core dues 
not necessarily mean a pole ; for it is customary to employ 
a distribuleii winding, there being several slots jier polt 




per phase. Fig. 1 14 shows the rotor. The inductors are 

I copper bars embedded in slots in the laminated steel core. 

1 They are all connected, in parallel, to cop[>er collars or 
shorKircuiting rings, one at 
eiich end of the rotor. Theyl 
offer but a very small resist- 
ance, and the currents induced 
in them arc forced to flow in 
a direction |iarallel with the 
axis. The reaction against the 
field tlux is tiierefore in a 
proper direction to be moat 

^efficient in producing rotation. A rotor or armature ofj 

Ithia type is called a squirrel cage. 

63. Principle of Operation of the Induction Motor. — If | 
;lhc speed of rotation of the field be /' r. r. M, and that c 




the rotor be I" r. p. m., then the relalive sjjeed between a 
given inductor on the rotor and tlie rotating field will be 
V— J" R. F. M. The ratio of this speed to ihal of the field, 

pressed as a per cent of the synchronous speed, If the 
flux from a single north [xile of the stator be * maxwells, 
then the effective £.M.F. induced iu a si]i;::ic rotor inductor 

is 2.22 /* s IO~^ where / reprcsenls the number of 
60 

pairs of revolving poles. The frequency of this induced 
E.M.F. is different from that of the E.M.F. impressed upon 
the stator. It is s times the latter frequency. The fre- 
quency would be zero if tlie rotor revolved in synchronism 
with the field, and would be that of the field current if the 
rotor were stationary. As the slip of modem machines is 
but a few per cent (3% to 15^)1 the frequency of the 
E.M.F. in the rotor inductors, under operative conditions, 
is quite low. The current which will flow in a given in- 
ductor of a squirrel-cage rotor is difficult to determine. All 
the inductors have E.A/.F.'s in them, which at any instant 
are of different values, and in some of them the current 
may flow in opposition to the E.M.F. It can be seen, how- 
ever, that the rotor imi>cdance is very small, As the im- 
pedance is dependent upon the frequency, it will be larger 
when the rotor is at rest than when revolving. It will re- 
duce to the simple resistance when the rotor is revolving in 
synchronism. Suppose a rotor to be running light without 
load. It will revolve but slightly slower than the revolving 
field, so that just enough E.M.F. is generated to produce 
such a current in the rotor inductors that the electrical 

^wer is fi^!^ to 
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I 



the core and copi)er losses of the rotor. If now a me- 
chanical load be applied lu the pulley of the rotor, the 
speed will drop, i.e., the slip will increase. The E.M.F. and 
current in the rotor will increasi; also, and the rotor will 
receive additional electrical power, equivalent to the increase 
in load. The induction motor operates in this respect 
like a shunt motor on a constant [wtential direct -current 
circuit. If the strength of the rotating field, which cut5_ 




the rotor inductors, were maintained constant, the sli|^ 
the rotor E.M.F., and the rotor current would \-ary directly 
as the mechanical torque exerted. If the rulor resistance 
were increased, the same tortjue would require an increase 
of slip ti) produce the increased E.Af.F. necessary to send 
the same current, hut the strict proportionality would be 
maintained. The rotating mapiciism, which cuts the rotor 
inductors, does nut, however, remain constant un<ler vaiy* 
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ing loads. As the slip increases, more and more of the 
stator flux passes between the stator and rotor windings, 

without linking Ihem. This increase of magnetic leakage 
is due to the cross magnetizing action of the increased 
rotor currents. The decrease of linked field flux not only 
lessens the torque for the same rotor current, but also 
makes a greater slip necessary to produce the same cur- 
rent. The relation which exists between torque and slip 
for various rotor resistances is shown in Fig. 115, where 
the full lines represent torque, and the dotted lines current. 
An mspection of the curves shows that the maximum 
torque which a motor can give is the same for different 
rotor resistances. The sjieed of the rotor, however, when 
the motor is exerting this maximum torque, is different for 
different resistances, This fact is made use of in starting 
induction motors so that the starting current may not be 
excessive. I-'ig. 116 shows a General Electric Form L 



rotor. The winding is polar, and not of the squirrel-cags 
l)'pc, Tite impedance can therefore be easily calculated. 
The terminals of the windings arc connected tn a resistance 
carried on the rotor spider. When the rotor reaches a 
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proper speed the resistance may be cut out by pushing a 
knob on the end of the shaft, as shown in diagram. This 
arrangement permits of a small starting current under 
load and a large torque. Squirrel-cage motors require 
several times full-load current t*i start under load. Fig. 




117 shows a General Electric Co. form M rotor. The 
winding is the same as in the Form L, except that its ter- 
minals are brought out to three slip-rings. A starling 
resistance can be placed away from the motor and be con- 
nected with the rotor windings by means of brushes rubbing 
upon the slifj-rings. 

63. The Transformer Uethod of Treatment. — It is cus- 
tomary in Ihciirelical iHsciissions to consider the induction 
I motor as a transformer. I';\idently when the rotor is 
stationary the machine is nothing hut a trnnsfomier, with 
1 magnetic circuit so constructed as to have considerable 
magnetic leakage. When the rotor is moving, the machine 
still acts as a transformer ; but the ratio of tmnsfomialion 
and the frequency of the E.M.F. in the rotor, j 
times what they were with a stationary rotor, then 
cal load taking the place of the electric load 1 



r, arc but .^^^B 
he mechao^^^^l 
1 the seco^^^l 
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dary of the transformer. Bearing these facts in mind, the 
motor may be treated exactly like the transformer. Con- 
sider one phase of a polyphase motor. The pressure im- 
pressed upon the stator is greater than the pressure which 
is operative in inducing E.M.F. in the rotor. The differ- 
ence is due to the resistance, the hysteresis, the eddy 
currents, and the magnetic leakage of the stator. The 
pressure to overcome each should be subtracted from the 
impressed pressure in the proper phase relation to get the 
operative pressure. The equivalent inductance of the 
magnetic leakage can be calculated for different currents, 
as was the case in the transformer. The voltage induced 
in the rotor is st times the operative pressure of the stator 
where t is the ratio of transformation. The current which 
it produces is dependent in magnitude and phase upon the 
impedance of the rotor windings. From the power repre- 
sented by this current at the rotor pressure must be 
subtracted the power lost in resistance, eddy currents, hys- 
teresis, friction, and windage of the rotor. What remains 
is given out by the motor as useful mechanical power. It 
should not be forgotten that the frequency of the rolfir 
currents is but s times that of the impressed voltage. 



e eSeoT 



64. Ratio of Transformation The ratio of transM 

tion in an induction motor is without appreciable 1 
upon its operation. For motors of the same capacity it is 
the practice of the General Electric Company to use the 
same squirrel-cage rotor for different voltages and different 
phases. The stator windings alone are altered. Forms L 
and M rotors are not changed for change of voltage, but 
must of course be altered for change of phase, as they are 
polar wound. A certain 4-pole, 3'£l'3t^i^^?^J:^'^^t 
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volt, i-horse-power, General Electric induction motor has 
36 slots in the siator, each slot containing 20 conductors of 
size No. 13. The rotor contains 37 slots, each one con- 
taining one No, 2 wire. The slots are staggered by an 
amount equal to the distance between centers of two con- 
secutive slots. The rotor inductors are connected to short- 
circuit disks, one on each end of the rotor. 



65. Behavior of Induction Motors The relations be- 
tween spei;d, torque, poxvcT factor, efficiency, and current 
in the case of a typical induction motor operating under 
normal conditions is represented in Fig. 1 18, 

If the voltage inipres.sed upon an induction motor be 
increased, there will result a proportional increase in the 
flux linked with the rotor, and in consequence a propor- 




tional increase in the rirtor current. As the torque de- 
pends upon the product of the flux and the rotor ampere 
turns, it follows that the torque varies as the square of the 
impressed voltage. Ihc capacity of a motor is therefore 





Owing to the low-power factor of induction motors^ 
transformers intended to supply current for their operation 
sliould have a higlier rated capacity than that of the mo- 
tors. It is customary to have the kilowatt capacity of the 
transformer equal to the horse-power capacity of the motor. 

The low power-factor is due to magnetic leakage, i.e., 
flux linked with the stalor, but not with the rotor wind- 
ings. This leakage increases with increase of length of 
air gap. It is hence desirable to have the gap as small as 
consistent with mechanical clearance. Concentricity of 
rotor and stator is to be obtained by making the liearings 
in the form of end plates fastened to the stator frame. 
Some makers send wedge gap-gauges with their machines 
so that a customer may test for eccentricity due to wear 
of the bearings. A small air gap, besides lowering the 
leakage and raising the power factor, increases the effi- 
ciency aitd capacity of the motor. 

The torque exerted on a constant loaded rotor is con- 
tinuous and constant in the case of a polyphase motor. 

The Stanley Company raise the jxtwcr factor of their 
two-phase motors to nearly unity by using condensers to 
neutralize the lag produced by leakage. 

The direction of rotation of a three-phase motor can be 
changed by transposing the supply connections to any two 
terminals of the motor. In the case of a two-phase, foi 
wire motor, the comiections to either one of the plH 
may be transposed. 



66. Starting of Squirrel-Cage Motors — To avoid 1 
excessive rush of current which would result from connec- 
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tion of a loaded squirrel-cage motor to a supply circuit, use 
is made by both the VVestlnghouse Company and the 
ricneral Electric Company of starting compensators. These 
arc autotransformcrs which are connected between the 
supply mains, and which, through taps, furnish to the 
motor circuits currents at a lower voltage than that of 
the supply mains. After the rotor has attained the si>cetl 
appropriate to the higher voltage, the motor connections are 
transferred to the mains, and the comjunsaliT is thrown 



^^^^^ 



out of circuit. The connect inns ate shown in Fig, TI9, 
and the apiKrarance of the Genend Klectric Comixmy com- 
pensator is shown in l-'ig. 1 3a The change of connec- 
tions is accoinphshe<l by moving the han<)1c shown at the 
' right of the figure. While the comixmsator is supplied 
with various tajw, only that one which is most suitable fur 
i the work is used when once installed. The Westinghousc 
I compensator is shown in Fig. 121. Ulien the handle is 
doM-D 01 one sid«, th« autotransformcrs arc hi circuiti and 
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the motor is connected with the Inw-vollage taps. Upon 
throwing over the switch the transformers are cut out, and 
the motor is connecletl directly with the mains. 



I 



Where special step-down transformers are used for indi- 
vidual motors, or where several niolors are located close to 
and operated from a Ixink of transformers, it is sometimes 
practical to bring out taps from the secondary winding, and 
use a double-throw motor switch, thereby making provision 
for starting tlie motor at low voltage, while avoiding the 
necessity for a starting compensator. 

The General Eleclric Company make small squirrel- 
cage motors, with centrifugal friction dutch pulleys; so 
that although a load may be belted to the motor, it is not 
applied to the rotor until the latter has readied a certain 
speed. The starting current is therefore a no-load starting 




67. Phase Splitters. — In order to operate polyphase id- 1 
k duction motors up^n siiiglc-phasc circuits, use is made of 
I'inductances in scries with one motur circuit to produce a 
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^ current, or of amdensors to produce a leading C 
rent, or of both- — one in each of two legs. The General 
Electric Company, in its condenser compensator, for use 
with small motors, as shown in Fig. 122, employs an 
autotransformer and condenser connected, ,„ 

as in diagram Fig, 123. 

The autotrausformer is used to step-up 
the voltage, which is impressed upon the 
condenser, to goo volts. The necessary 
size of the condenser is thereby reduced. 
The equivalent impedance of the auto- 
transformer and condenser, as connected, 
is such as to produce a leading current in 
the one-phase sufficient to give a satisfac- 
tory starting torque, and it brings the power 
factor practically up to unity at all loads, 

68. Single-Phase Induction Motors. — A two-phase indue* 
.;„„ mf,.ni- ..,;ii operate fairly well, if, after attaining fuU 
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Speed, one of the Iwo phases be tlisconnected from the sup- 
ply circuit. It will not start from rest under the influence 
of the one-phase excitation, The Kiad remaining constant, 
the one phase will take twice its original current. Simi- 
larly, a three-phase motor will operate well, upon one-phase 
excitation. The current in this case will be 1.5 times 
what it previously was. A nmlor consisting of a roior- 




[ and a stattir-wound single phase will, in a like manner, 
I operate satisfactorily when once started. In the VVa^cr 
I' single-phase induclion motor (Kig. 124), the rotor windings 
' arc connected to a commutator, with its brushes joined 
I together by a conductor of low resistance. The stator 
[ Is supplied xvith single-phase excitation. The rotor is 
brought up to Sliced by the reaction l)etwcen the current 
L which is induced in the rotor windings and the stator flnx. 
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^^^Kfpon reaching speed, a centrifugal device, shown in 1 
^^^Bgure, causes the commutator bars to be short-circuiti 
^^^Hnd the brushes are simultaneously lifted from the comn 
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^^^H^tor. Tests have been made upon this type of motor 
^^^^Barious universities, including Harvard, University of 1 
^^^Bois, and Purdue University. The results are toncorda 
^^^Hnd are represented in the curves Fig, 125. 

^^B 69. The MonocycUc System.— This is a system advocal 
^^^Ky the General Electric Company for the use of plai 
^^^^hose load is chiefly lights, but which contains sol 
r motors. The monocyclic generator is a modified sing 

L phase alternator. In addition to its regular w-inding, 

^■^^s a so-called teazer winding, made of wire of suital 
^^^Hioss section to carry the motor load, and with enou 
^^^^Bms to produce a voltage one-fourlh that of the rcgu 
^^^^Knding, and lagging 90° in phase behind it. One end 
^^^He teazer winding is connected to the middle of the rq 
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far winctitig, and the other end is conncctt-d through a slip-j 
ring to a third line wire. 

A three-terminal induction motor is used, the terminal 
■being connected to the line wires either directly or through^ 
transformers. 

70. Frequency Changers — These arc machines ' 
icd to ironsfurm .ilternating currents of one frequent 
into those of another frequency. They are commonly use 
to transform from a low fretjuencj' (say from 25 or 40) t 

higher one. They depend for their operation upon I 
variation with slip of the frequency of the rotor £.M.F.'»\ 
of an induction motor. The common practice for raising;: 
the frequency is, to have a synchrontms motor turn thdt 
rotor of an induction motor in a direction opposite to thO( 
direction of rotation of the latter's field. The synchronouftj 
motor and the stator windings of the induction motor ar 
connected lo the low frequency supply mains. Slip-ring! 
connected to the rotor windings of the induction mot 
supply current at the higher frequency. The size of the 
synchronous motor necessary to drive the frequency^ 
changer is the same {percentage of the total output as iht^ 
tisc of frequency is to the higher frccjucncy. 

7i. Speed Regulation of Inductioa Motors — The speedl 
( un induction motor can he varied by altering the volta^ 
Snipre-ined upon Ihe stalor, by altering the resistance of ihi 
*otor circuit, or hy commutaling the stator windings so a 
alter the muUi]xilarity. The first two niethixls depend] 

■ their operation upon the fact that, inasmuch ; 

lotor torque is t>roporti"nal tu the product of the staioi 

; ^nd (he rotor current, for a given lor<|uc the ^>durt 
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must be constant. Lessening the voltage impressed upoa 
the stator lessens the flux, and also the rotor current, if the 
same speed be maintained. The speed, therefitre, drops 
until enough E.M.F. is developed to send sufficient current 
to produce, in combination with the reduced flux, the 
equivalent torque. Increasing the resistance of the rotor 
circuit decreases the rotor current, and requires a drop in 
speed to restore its value. Both of these methods result 
in inefficient operation. If the impressed voltage be re- 
duced, the capacity of the motor is reduced. In fact, the 
capacity varies as the square of the impressed voltage. 
Changes in the multipolarity of the stator requires compli- 
cated conirautating devices. 



72. Synchronous Motors. — Any excited single-phase 

or polyphase alternator, if brought up to speed, and if con- 
nected with a source of alternating E.M.F. of the same 
frequency and approximately the same pressure, will ope- 
rate as a motor. The speed of the rotor in revolutions 
per second will be the quotient of the frequency by the 
number of pairs of poles. This is called the synchronous 
speed ; and the rotor, when it has this s|3eed, is said to bo 
running in synchronism. This exact speed will be main- 
tained throughout wide ranges o( load upon the motor up 
to several times full-load capacity. 

To understand ihe action of the sjnchninous motor, 
suppose it to be sui)plied with current from 
generator. 



Let 



Ey = E.M.F. of ihf generatctr. 
R^ = E.ALF. of ihc motor ai the 
lion with the gencratoi 
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I Resistance of generator armature, plus that 
of ihe connecting wires and of the 
motor armature, and 
u)/, = Reactance of the above. 

The resultant E.M.F., E which is operative in scndiiu 
current thrniiyh the complete circuit, is found by c 
ing A, and E. with each 
other at a phase differ- 
ence 9, as in I-'ig. 1 26. 

Representing the 
angle between F.^ and E 
and F.^ and £ by a and pii. ,rt. 

^ respectively, it follows th;it 

jff = A, cos a + £■, cos ^. 

lliis resulting E.M.F. sends through the circuit 1 

current whose \-alue is 

/^- ^ 

Vfl* + «^z» 

and it lags behind E by an angle ^, such that Uin = - 
The power /', which the generator gives to t 
P^ = F.,/co^ (a— *) 
and the power /', which the motor gives to the circuit is J 

Now, if in either of the above expressions for power, tlM 
cosine has any other value than unity, then the poweifl 
I will consist of energy pulsations, there being four pulaj 
L tions per cycle. The eiicrgj' is alternately given 
I received from the circuit by the machine. If the cosine 
I be positive, the amount of energy in one pulsation, which 
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is given to the circuit, will exceed the amount in on( 
of the received pulsations. The maclune is then acting 
as a generator. If the cosine be negative the opposit* 
takes place, and the machine operates as a motor. As * 
and ,8 are but functions of £■,, E^ and 6, and as these lattei 
are the quantities to be considered in operation, it is desir 
able to eliminate the former. By a somewhat complicatec 
analytical transformation it can be shown that 



Z', = -p^^= cos (fl + *) + -^— ^=:r cos *. 

— J r^iK Id — fk\ -1- * me A, 



I 



and Pt- , 

If there were no losses due to resistance, etc., /", would h* 
numerically exactly equal to P^. Neglecting any losses 
in the machines, e.vcept that due to resistance, the alge^ 
braic sum of /", and P^ is equal to A*/*. In order tr 
determine the behavior of a synchronous motor when on 
a given circuit, use is made of the above formula f'lr jjower, 
and each case must be considered by itself. The metht«l 
of procedure is shown iii the next article. 

73. Special Case. — Suppose a single-phase synchronous 
motor, e.xcitcd so as to generate 2100 vohs, to be con- 
nected to a generator giving 3200 volts, the total resis- 
tance of the circuit being 2 ohms and the reactance 1 ohm. 
Then the angle ^ of current lag behind tlic resultant 
E.M.F. has a value tan * = -^ = 0,5, whence 4 = 26" 34'. 

A preliminary calculation, using the formulas of the pre- 
vious article, shows that Imth machuica act as gcneratoFB 
for \'alucs of 6 between 0° and 1 20°, and between 340" and 
360° Hi)i)roxunal,i^Vj 
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Calculations of /*, and P^ for various values of $ betwet 

1 20° and 240" have been made, and are embodied in thi 

[ form of curves in V'lg. 127. From an inspection of thet 




[■ curves, and a consideration of the equations from whic 
I the curves are derived, the following conclusions may b 
I drawn : — 

(a) The motor will operate as such for values of ff t 

[ tween 175" and 238°. The difference between thca 

angles may be termed the operative range. 

{b) The jjenerator would operate as a motor for valw 

[ of 9 between 133" and 174°, providing the motor w« 

mechanically driven so as to supply the current and powei 

I Le., what was previously the motor must now operate ) 

[ a generator. 

(<■) The motor, within its operative range, can absorl 
I any amount of jmwer between zero and a certain 1 
I mtim. To \'ary the amount of received power, the motd 
|bas to but slightly shift the phase of its E.M.F. in rcspi 
I the impressed EM.F., and then to resume running 1 
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synchronism. The sudden shift of phase under change 
of luad is tlie fundamental means of power adjustment in 
the synchronous motor. It corresponds to change of dip 
in the induction motor, to change of speed in the shunt 
motor, and to change of magnetomotive force in ttM 
transformer. 

(if) For all values of the received jxiwer, 
ma-ximum, there are two vaUies of phase different) 
At one of these phase differences more current is rcquircfl 
for the same power than at the other. The value of the 
current in either case can be calculated as follows :- 



renw^ 






A + i\ 



Rn 



.lA + A 



The values of / 
of transmission 



1 the diagram. The eflit 
^ is also different for the 



\ 



plotted i 
^i 

of 9 . It is also represented by a curve. 

If the phase alteration, produced by an addeil mechan- 
ical load on the motor, results in an increase of power 
received by the motor, the running is said to be s/iti'/c 
on the other hand, the increase of load pnjduccs a dc( 
of absorbed power, the ninning is unstable, 

(c) If for any reason the phase difference S, bet^i 
the E.M.R's of the motor and generator, be changed to a 
value without the operative mnge for the motor, the motor 
will cease to receive as much energy fntm the circuit us It 
'^Wcs back, and it will, therefore, fall out of stqi. Among 
the causes which may produce this result are ; 
ariations in the frequency of the generator, \-ariaiiQj 
the angular velocity of the generator, cir cxcessiv 



tt power 
dcoH 
bet5B| 
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chanical load applied to the motor. In slowing dowii, all 
possible values of $ will be successively assumed ; and it 
maj' happen that the motor armature may receive suffi- 
cient energy at some value of 9 to check its fall in speed, 
and restore it to syiirhronism, or it may come to a stand- 
still. 

(/) Under varying loads the inertia of the motor 
armature plays an important part. The shifting from one 
value of 6 to another, which corresponds to a new mechan- 
ical load, does not take place instantly. The new value is 
overreached, and there is an oscillation on both sides of 
its mean value. This oscillation about the synchronous 
speed is termed linnting. If the armature required no 
energy to accelerate or retard it, this would not take 
place. 

{g) The maximum negati\'e value of /", — that is, the 
maximum load that the motor can carry— is evidently when 
cos ( C - ^ ) = — t or when fl — * = 1 80°. The formula 
for the power absorbed by the motor then reduces to 



_ £■,* cos ^ ~ £, A", 



= 3ioK.' 



(li) The operative range of the motor can be determined 
by making /", equal to zero. By translormaiion the lor- 
mula ihen Incomes 



-*) = 






Two values of (tf — *) rcsull, one on each side of 180°. 
In the case under consideration cos (fl — 4) = ~ .851 and 
- ♦= 2 1 1° 40' or 1 48" 20'. Since <^ = 26' 34'. * = 2 jS" 
l'ot 174' 54'. 
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74. The Hotor E.M.F. — To determine what value of 

£, will give the maximum value of [wwer to be absorbed 
by a motor, consider E^ as a variable in (he equation given 
in (^) above. 
Differentiating 



I 



-j-^.- = 2 E, cos ^ — £[, 

and setting this equal to zero and solung, 

I:, = ^-— = 1230 volls. 

z cos^ 

At this voltage tht maximum possible intake of the motor 
is 6 1 1 K. w. If the voltage of the motor be above this or 
below it, its maximum intake will be smaller. 

Remembering that the current lags behind the resultant 
pressure of the generator and motor pressures by an angle 
^, which is solely dependent upon at, 
Z, and Ri it will be easily seen, from 
an insiiection of Figs. 1 2S, 1 29, and 
130, that the current may be made 
to lag behind, lead, or be in phase 
with £,, by simply altering the vahie 
. of E.^. This may be done by vary- 
^l^^ »■ ing the motor's field excitation. A 
proijer excitation can produce a luiil 
power factor in the transmitting 
line. The over-excited synchronous 
motor, therefore, acts like a con- 
denser in producing a leading cur- 
rent, and can be made to neutralize the effect of induct- 
ance. The current which is consumed by the motor for a 
gven load acoprdiO|tj^^yiyB(.li^ ^'i 




FK. UB. 



MOTORS. 



1 65 



relations between motor voltage and absorbed current for 
various loads are shown in Fig. 131. 

Synchrnncms motors are sometimes used for the purpose 
of regulating the phase relations of transmission lines. 




Kb- i; 



The excitation is varied to suit the conditions, and the 
motor is run without load. Under such circumstances the 
machines are termed synehroHotts compensators. 

The capacity of a synchronous motor is limited by its 
heating. If it is made to take a leading current in order 
to adjust the phase of a line current, it cannot carry its 
full motor load in addition without heating. 

75. Polyphase Synchronous Hotor. — The discussion 
wliich has just been given applies to the singlc-j>hase 
motor. The facts brought out arc equally applicable to ibc 
polyphase motor. In the latter case each leg or phase is 
to be considered as a single-]>hasc circuit. The total power 
is that of each phn.sc multiplied by the number of phases. 

76. Starting Synchronous Motors. — These motors do not 
have wtffident torque at starting to aatisfaaonly come t 
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to speed luider load. Tliey are, therefore, preferably 
brought lip to synchronous speed by some auxiliary source 
of power. Ill the case of polyphase systems an induction 
motor is very satisfactory. Its capacity need be but ,"0 that 
of the larfje motor. Fig. 132 shows a 750 K. w. quart 
phase General Electric motor with a small inductiu 




geared to the shall fur this puriwjsc. This motor may be 
mechanically disconnected after synclironisni is reached. 
Before connection of the synchronous motor to the mains 
it is necessary that the motor should not only be in syn- 
chronism, but should have its clet tromolive force at u 
difference of phase of about 180'' with the impressed 
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known as a synchroniser, is employed. It consists of 
an incamlescent lamp connected in series with the sec- 
ondaries of two transformers, whose primaries arc con- 
nected respectively with the line and with the motor 
terminals. The brightness with which the lamp glows 
is a measure of the pliase difference betwwn the two 
E.M.F.'s. It is customary to so connect the transformers 
that when the motor E.M.F. is at 180° with the line 
pressure, the lamp will have its greatest brilliancy. As 
I the motor is coming up to speed, the lamp will be 
alternately bright and dark. The alternations will grow 
slower as synchronism is approached, and will finally be 
so slow as to permit the closing of the main switch at the 
proper instant. 

Synchronous motors may be brought up to speed with- 
out any auxiliary source of power. The field circuits arc 
left open ; and the armature is connected either to the full 
pressure of the supply, or to this pressure reduced by 
means of a starting compensator, such as was describcil 
in § 66. The magnetizing effect of the armature ampere 
turns sets up a tlujc in the poles sufficient to supply a small 
starling torque. When, after ninning a sufficient time as an 
I induction motor, synchronism is nearly attained, the fields 
I may be excited and the motor will a>me into step. The 
' load is afterwards applied to the motor through friction 
I clutches or other devices. There is great danger (»f per- 
(orating the insulation of the field coils when sl;irtiiig in 
this manner. This is because of the high voltage produced 
in them by the varying flux. In such cases each field 
I s[>o*)l is customarily open-circuited on starting. Switches 
which are designed to accomtilish this ]ior|irise are called 
[break-up switches. 



l68 ALTERNATING-CURRENT MACHINES. 

77. Parallel Running of Alternators. — Any two alter- 
nators adjusted to have the same E.M.F.y and the same 
frequency, may be synchronized and run in parallel. Ma- 
chines of low armature reaction have large synchronizing 
power, but may give rise to hejivy cross currents, if thrown 
out of step by accident. The contrary is true of machines 
having large armature reaction. Cross currents due to 
differences of wave-form are also reduced by large arma- 
ture reaction. The electrical load is distributed between 
the two machines according to the power which is being 
furnished by the prime movers. This is accomplished, as 
in the case of the synchronous motor, by a slight shift of 
phase between the E.M.F'% of the two machines. The 
difficulties which have been experienced in the parallel 
running of alternators have almost invariably been due to 
bad regulation of the speed of the prime mover. Trouble 
may arise from the electrical side, if the alternators are 
designed with a large number of poles. Composite wound 
alternators should have their seiies comix)unding coils con- 
nected to equalizing bus bars, the same as compound wound 
direct-current generators. 
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78. The Converter. — -The converter is a machine hav- 
ing one field, and one armature, the latter being supplied 
with berth a direct -current commutator and altematiiig- 
currcTit slii>rings. When brushes, which rub iijmn the 
slip-rings, arc connected with a source of alternating 
current of proper voltage, the armature will rotate syn- 
chronously, acting the 
same as the armature of a 
synchronous motor. While 
so revolving, direct current 
can be taken from brushes I 
rubbing upon the commu- 
tator. The intake of cur- 
rent from the alternating- 
current mains is sufficient 
to supply the direct -ciirrent 
circuit, and to overcome 
the losses due to resist;ince, 
friction, windage, hystcr- "'■ '"■ 

esis, and eddy currents. The windings of a rtrnverter 
armature arc closed, and simply those of a direct-current 
dynamo armature with properly located taps leading to the 
slip-rings. Each ring must be connected to the armature 
winding by as many taps as there arc jairs of jKiIes in 
the field. These taps are equidistant from each other. 
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There may be aiiy number of rings greater than one 
A converter having ii rings is called an «-riiig converter 
The taps to successive rings are -th of the distance be 

Iween the centers of two successive north poles from cact 
other. Fig. 133 shows the points of tapping for a 3-rini 
multipolar converter, 

A converter may also be supplied with direct current 




through its commutator, while alternating current is taken 
from the slip-rings. Under these drciun stances the 
machine is termed an invertcti converter. Convorlers are 
much used in lighting and in power plants, sometimes 
receiving alternating current, and at other times direct 
current. In large city distributing systems they arc often 
used in connection with storage batteries to charge them 




from alternating-current mains during periods of light 
load, and to give back tlic energy during the heavy load. 
They are also used in transforming alternating into direct 
currents for electrolytic piir|K)ses. A throe -phasi: machine 
lor this purpose is shown in Fig. 1 34. 

A convener is sometimes called a rotary converter or 
simply a rolary. 

79. E.H.F. Relations. — In onler to determine the re- 
lations which exist bciwccn the pressures available at the 
various brushes of a converter, 

I.cl Aj = the voluigc between successive direct-current 
brushes. 
/", = the effective voltage between successive rings 
of an ff-ring converter. 
If = the uiaxiinum U.M.F. in volts generated in a 
single armature inductor. This will exist 
when the conductor is under the center of 3 
pole. 
b = the number of iirmaturc inductors in a unit 
electrical angle of the periphery. The 
electrical angle subtended by the tenters of 
two successive poles of the same polarity 
is considered >is i-k 

The E.M.F. generated in a conductor may be considei 
as varying as the cosine of the angle of its position relathi 
to a point directly under the center of any north pole, tM 
angles being measured in electrical degrees. At an angle 
A Pig- '35- ^<^ F..M.F. gcnerateii in a single indiiolor G 
is a (OS ^ volts. In an element if0 of the periphery of 
the armature there arc Mfi inductors, each with this 
EJif.F, If cotinected in scries they will yield an E.M.F. 
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of ab cos p dp volts. The value of ab can be determine 
if an expression for the E,M,F, between two successiv 

direct-current brushes b 
'^ determined by integratior 
and be set equal to thi 
value Ea as follows : 



ir 

£j= I ab cos P(/p = 2ai 

%.' IT 

s 

ab =^ — . 

2 

In an //-ring converter, th< 
electrical angular distanc* 
between the taps for tvv< 

The maximum E.M.F. will Ix 



/ 




Fig. 135. 



successive nngs is 



2'K 



11 



generated in the coils between the two taps for the succes 
sive rings, when the taps are at an equal angular distance 
from the center of a pole, one on each side of it, as showr 
in the figure. This maximum E.M.F. is 

J-' 
V2 -£■„ = / ab cos pi/p = 2ab sin - 

J_n n 



IT 



= Ej sin . 



The effective voltage between the successive rings is 
therefore 

E- E,, . TT 

E^ = -— sm - . 
V2 ^' 

By substituting numerical values in this formula, it is 
found that the coefficient by which the voltage between 



CONVERTERS. I73 

the direct -current brushes must be multiplied in order to 
get the effective voltaj;e between successive rings is for 

2 rings 0-707 

3 rings 0.611 

4 rings o.joo 

6 rings 0,354 

In practice there is a slii;ht variation from these co-effi- 
cients due to the (act that the iiir-j,'ap flux is imt siniisoid- 
a!ly distributed. 

80. Current Relations.— In the followint,' discussion it is 

assumed that a converter has its field excited so as to 

. cause the altemalrng currents in the armature inductors to 

I lag 180" behind the alternating E.M.F. generated in them. 

The armature coils carry currents which varj' cyclically 

with the same frequency as that of the alternating-current 

supply. They differ 

widely in wave-form from 

sine curves. This is be- ■ -^ n,^ . 

cause they consist of two f??;^ \ \ x 

currents superix»sed u])im 

each other. Consider a *. "^ 

coil II rig. 136. It car- / ^y'' 

. rics a direct current whose / 

r / / 

\ value is half that car- / ^ 

\ ried by one dircct-ciu-rcnt /y'^ 

Ibrush, and it reverses its ' 

(direction every time that '''■' "*■ 

■the coil p^sKcs nndcr a brush. The coil, as well as 

f all others lx;iwccn two taps for successive slip-rings, nlso 

Lcarcics an alternating current, This current has its zero 
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value when the point A, which is midway between th 
successive taps, passes under the brush. The coil bein 
^ electrical degrees ahead of the point A, the alternatin 

current will pass through zero - of a cycle later tha 

the direct current. The time relations of the two current 
are shown in Fig. 137. 

To determine the maximum value of the alternatin 
current consider that, after subtracting the machine lossei 




Fig. 137. 

the alternating-current power intake is equal to the direct 
current power output. Neglecting these losses for th 
present, if En represents the pressure and /„ the effectiv 
alternating current in the armature coils between the sue 
cessive slip-rings, then for the parts of the armature wind 
ings covered by each pair of poles 

E, 



= n 



V 



-Sin- /.. 



;/ 



Therefore, the maximum value of the alternating current ij 

2/. 



V2/.= 



TT 



// sm 



n 



The time variation of current in the particular coil B is 
obtained by taking the algebraic sum of the ordinates ol 
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the two curves. This yields the curve shown in Fig. 138. 
Each inductor has its own wave-shapu of ciiirent, depend- 
ing upon its angular distance ^ from the point A. 




81. Heating of the Armature Coils. — The heating ef- 
fect in an armature coil dui' to a current of such peculiar 
wave-shape as that shown in Fig. 138 can be determined 
cither graphically or analytically. The graphic determina- 
tion requires that a new curve be plotted, whose ordinatcs 
shall be equal to the squares of the corres]>imding current 
vaUies. The area contained between this new curve and 
the time axis is then determined by means of a planimeter. 
The area of one lot)e is proportional to the heating value 
of the current. This value may be determined for each 
of the coils between two successive taps. An average of 
these values will give the average heating effect of the 
currents in all the armature coils. The heating is different 
in the different coils. It is a maximum for coils at the 
points of lap to the slip-rings and is a minimum for coils 
midivay between the taps. 

The analytical determination is made as follows : For 
L-a coil which is ^ electrical degrees frotn a point midway 
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between successive slip-ring taps, at the time / seconds 
after passing a direct-current positive brush, the instanta- 
neous vahie of the current is 

p _I,i f 4 sin (2 irft — i/r) ] 

2 < . IT 



n sm 



n 



The effective value of the current in this coil is, therefore, 



/ 



^ ^ Jo 



I"'dt 



-w- 



1 6 cos i/r 8 



ith sm - tr sin- - 



n 



n 



where Q represents for simplicity the value of the radical. 
The heating, due to the current in this coil, is propor- 

tional to '' — , and the average heating over the whole 

4 
armature is proportional to 



2 TT J_ 



//J 



n 



Inasmuch as the hcatmg of this armature when run as a 

/ - 

simple direct-current generator is proportional to -^, it 



can, with the same heating, when operating as a conver- 
ter, put out 



V 



U - 1^ 



as much direct current. 
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83. Capacity of a Converter By inserting numerical 

values ill the above equation it is found that a machine has , 
different capacities, hased upon the same temperature rise, 
according to the nunihcr of slip-rings, as shown in the fol- 
lowing table. The armature is supposed to have a closed^ 
coil winding : — 

CONVERTER CArACITIRS. 
lisun AS A KnowATi CAf 

Direct-current generator too 

Single-phase converter 85 

Three-phase converter 134 

Four-phase converter 164 

Six-phase converter ig6 

Twelve-phase converter aa7 

The overload capacity of a converter is limited by coro- 
[nutator performance and not by heating. As there is but 
small armature reaction, the limit is much higher than is 
the case with 'a direct-current generator, 

83. Starting a Converter. — Converters maybe started 
and be brout;ht up to synchronism by the same methods 
which are employed in the case of synchronous motors. 
It is preferable, however, that they be started from the 
direct-current side hy the use of storage batteries or other 
sources of direct current. They may be brought to a little 
above synchronous speed by means of a starting resistance 
as in the case of a direct-current shunt motor, and then, 
after disconnecting and after opening the field circuit, the 
connections with the alternating-current mains may be 
made. This will bring it into step. 

84. Armature Reaction. — The converter armature cur- 
Lrcots give rise to reattions which consist of direct -current 
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generator armature reactions superposed upon synchronoi] 
motor armature reactions. It proves best in practice I 
set the direct-current brushes so as to comniutate the cu 
rent in coils when they are midway between two succei 





sive poles. The dircct-cLirrciil armature reaction, tiien, coi 
sists in a cross-magnclizalion which tends to twist the fiel 
flux m the direction of rotation. When the altcmaliu 
currents are in phase with the impressetl E.M.F. they als 
exert a cross-magnet iring effect which tends to twist th 
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field flu.x in the opposite dirccliiin. The result of this neu- 
tralizatioi] is a fairly constant distribution of flux at all 
loads. Within limits even an unbalanced ]j«jly|>hase con- 
verter operates satisfactorily. There is no change of field 
excitation necessary with changes of load. 

The converter is subject to hunting the same as the 
synchronous motor. As its s|)ecd oscillates above and 
below synchronism, the phase nf the amiatirre current, in 
reference to ihc impressed E.Af.f., changes. This results 
in a distortion of the field flux, of varying magnitude. 
This hunting is much reduced by placing heavy copper 
circuits near the jxile hums so as to be cut by the i>scillat- 
ing flux from the two horns of the |X)Ie. The shifting of 
flux induces heavy currents in these circuits which iippose 
the shifting. I-'ig. 1 39 shows copper bridges placed be- 
tween the poles of a converter for this purjiose. 

When running as an inverted con\-crtcr from a direct- 
current circuit, anything which tends to cause a lag of the 
alleniating current behind its E.M.F. is to be avoided. 
The demagnetization of the field by the lagging current 
' causes the armature to race the same as in the case of an 
unloaded shunt motor with weakened fields. Converlers 
have been raced to destruction becau.sc of the enormous 
lagging currents due tn a short circuit on the alternating- 
current system, 



85. Regulation of Converters. -_ 71k field current of a 
converter is generally taken from the direct-current 
brushes. By varying this current the power factor of the 
alternating-current system may be changed. This may 
vary, through a liniiled range, the voltage impressed 
I between ttte slip-rings. As ihti direct-current voltage 
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bears to the latter a constant ratio it may also be varied. 
This is, however, an uneconomical method of regulation. 
Converters are usually fed through stei>down transform- 
si.n.dow.1 ^''^' -f" such cases 

there are two com- 
mon metho<ls of regu- 
lation, which vary the 
voltoge supplied to 
^*- "*■■ the converter's slip- 

rings. The first is the methoil of StiJlwell, which is 
shown in the diagram, Fig, 140. 

The regulator consists of a transformer with a sectional 






h 



sectmdary, lis ratio nf transformation can be altered by 
moving a contact-arm over blocks connected with the 
various sections, as shown in the diagram. The primary 
of the regulator is connected with the secondary terminals 
of the step-down transformer. The sections of the second- 
ary, which are in use, are connected in series with the step- 
down secondary and the converter windings. 

The second method of regulation is that employed by 
the General Electric Co, The ratio of transformation of 
a regulating transformer, which is connected in circuit in 
the same manner as the Stillwell r^ulator, is altered by 
shifting the axes of the primary and secondary coils in 
respect to each other. Fig. 141 shows such a transformer, 
the shifting being accomplished by means of a small, 
direct-current motor mounted upon the regulator. The 
primary windings arc placed in slots on the interior of a 
laminated iron frame, which has the appearance of the 
stator of an induction motor. The secondary windings are 
placed in what corresponds to the slots of the rotor core. 
The winding is polar ; and if the secondary core be rotated 
by an angle corrcsponiling to the distanct- between two 
successive poles, the Action of the regulator will change 
from that of booster to that of crusher. 
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CHAPTER IX. 

PONA'ER TRANSMISSION. 

86. Superiority of Alternating Currents. — The tw 

great sources of energy for use iii manufacturing establisi 
ments and in ]and transportation systems are the co 
mines and the water powers. While coal can be tran 
poned to the point of utilization of the energj-, th 
energy of the waterfall cannot be commercially transmitte 
to a long distance without the use of electricity. I 
many cases it is uncertain whether it is not cheaper t 
transmit the energy of the coal in the form of electric 
energy than to transport the coal itself. There is get 
erally greater convenience and greater flexibility in th 
application ant! utilization of the transmitted electric; 
cncrgj'. 

The electrical transmission cm be accomplished b 
means of direct currents or by means of alternating cui 
rents. For transmission over anything but quite shor 
distances the alternating cun^ent is preferable to the direc 
current. Kven for short distances, when these pas 
through densely [lopulated districts, the alieniating oil 
rent is ailopted for pure transmission purposes. 

The direct currait has its points of superiority. It; 
use is not attended by inductive disturbances with the ac 
mmpanying drop and soinclimes low jjower factor ; it i: 



I 

I 

I 
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subject to electric surgings, which sometimes cause insu- 
lation perforations, short circuits, and arcing. It [(crmits 
the use of direct-current motors with their very satisfac- 
tory ojicratioii as to efficiency, small starting ciurent, 
overload capacity, and speed control. Its use on trans- 
mission lines of over a few miles' length is pmhihited by 
the cost of the line which it necessitates. As will be seen 
later, long distance electrical power transmission, to be 
economical or even commercially possible, must be ef- 
fected by high voltages. Direct -current sparktcss com- 
mutation is limited to 1000 volts. This limit is dependent 
upon the economical and mechaniciil limits of armature 
peripheral velocity, current density, gap-flux <lensity. and 
temperature elevation. Furthermore service conditions 
demand other voltages than those of the transmission line. 
The direct-current transformer or dynamutor is expensive 
and not very efficient. 

The use of alternating currents is attended by the evil 
effects of inductance and capadty ; the operation of alter- 
nating-current motors can be called only fairly satisfactorj' ; 
but the employment of the very .satisfactory, h^hly effi- 
cient, and moderately priced static transforracr, makes 
possible the transmission at high voltages whh lis accom- 
panying small currents, small line wires, and cheap pole 
line construction, 

The use of the sj'uchronous converter for distribution 
purposes in connection with aliemaling-currcnl transmis- 
sion, constitutes a very sat Lsfaclor)' system, and seems to 
best meet all the engineering reqiiiremeuts. 

87. Frequency. — It is customary to call frequenciea 
al)ovc Co high, and those below 60 low. The proper fre- 
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quency for a transmission and distributing sys 
dependent upon a number of variables as follows : 

a. High-frequency transformers are smaller and CQ 
less than those of lower frequency. This is seen by inspe 
tiun uf the formula in article 59, I. For the same vol 
age and flux density, the product of the iron cross^ectic 
and the number of turns varies inversely as the frequenc 
The cross-section of copper would be the same for tl^ 
same capacity, irrespective of the frequency. 

b. High-frequency generators may be constructs 
cheaper than those of low frequency. For the same fiel 
multipolarity a high frequency is associated with high am 
ature speed, and, therefore, greater output. On the oth< 
hand, if an armature be run at the greatest peripheral veli 
city mechanically permissible, a high frequency necessitat* 
a greater field multipolarity, and, therefore, a greater coj 
and complexity of construction. 

c. High frequencies permit of the satisfactory opei 
ation of both arc and mcandescent lamps. Arcs do nt 
operate well on any frequencies belmv 40. TTic satisfai 
tory operatifin of incandescent lamps depends upon thei 
voltage and candle-power. Lo\v-\*oltage lamps have fti 
filaments of large heat capacity which do not drop in ten 
perature so rapidly as high-voltage thin filaments. Th 
same is true of high caiidlcpower filaments. These lamj) 
may be oiierated satisfactorily at 25 cycles per scconc 
Standard no-volt, t6 candle-power bmjis, however, fatigu 
the eye at frequencies under 30 cj-cles, 

d. The inductive line drop, 2 ir//., varies directly as Ihi 
frequency. Its value will be considered later, 
greater for high ficquencies, it is then more liable I 
ducc poor regulation at points of distribution. 
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I f. The capacity charging current also varies directly as<] 

■ the frequency. 

f. The wattless currents tlue tu inductance and capacity, 
therefore, increase with the frequency, and thereby lower 
the operative capacity of the generator, the transformers, 
and the line. They also lower the efficiency of operation. 

g. Ilifjh frequencies may necessitate so high a field 
multipolarity tliat the angular s|>ecd variation of the prime 

J mover will prevent the satisfactory paralleling of the gen- 
I erators. For the same reason, the running of synchronous 
I motors and of synchronous converters may be unsatisfac- 
f tory. 

h. Induction motors are best suited for operation <m lo»-^ 
I frequency circuits. At high frequencies the speed i 
[ be high or the motor must l>e large to avoid running on a 
I low-power factor. The speed anild be lowered by increas- 
ing the number of poles ; i.c., by placing the poles net 

■ to each other. If the diameter remained the same. I 
Iwould result in an increase of stator flux leakage, whic 
[ Would reduce the power factur, 

88. Voltage. — If the frequency, the amount of tranan 
I roitted power, and the percentage of power lost in the linCj 
Iremain constant, the weight of line wire will vary w 
rverscly as the square of the voltage impressed upon tbd] 
[line. This ilejiends u|Hin the fact that the cross-section 
Ithc wire is not tletermined by the current density and tb 
■Ihnit of temperature elevation, but by the permissible 
■.voltage drop. If the impressetl voltage on a line be 
■tnultiplied by «. the drop in the line may be increased « 
mcs without altering the line loss. For the line loss is to 
^e total power given to the line as the itruti in %'olts is to 
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I the impressed voltage. To transmit tlie same power; 
I -th the previous current is necessary ; and this curren 

produce « limes the drop, must, therefore, transver 
resistance t? times as great as previously. 

In transmitting power electrically over long distai 
I the line cost constitutes a large part of the total in 
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I went. In such cases it is desirable to employ as high 
I ages as possible. There is, however, a limit to the vol 
■ which may be employed. Mr. Charles F. Scott has g 
I some interesting results of experiments carried out on 
lous pule lines. He found that the [xiwcr Inst through 
Jair between wires increased with the impressed voltage, 
r a certain voltage was reached, increased very rapi 
[hat, with a given impressed voltage, the loss decrease 
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the distance between the wires was increased ; that atmos- 
pheric conditions, such as snow, min, and humidity, had no 
appreciable effect on the loss ; that iH:aked wave-shaped 
E.M.F.'% gave a greater loss than flat-topped ones ; and 
that the loss decreased as the diameter of the wires was 
increased. The relations between the distance between 
wires, the impressed voltage, and the power loss, is shown 
in Fig. 142. 
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The influence of the change of size of wire is shown in 
Fig. 143. where the distance between the wires was 48 
inches in both cases. The influence of the size of the con- 
ductor surfaces ii|»n the voltage necessary to break down 
a dielectric can be illustrated by the apparatus shown in 
Fig. 144, An applied voltage of sufficient magnitude will 
produce a spark between pointed conductors, although the 




path may be longer than between those which are splicria 
and are connected in parallel with them. 

At high voltages the leakage is accompanied by a hisstn, 
sound, and the wires glow visibly at night. 

The maximum pressure thus far employed in practice i 
Go,ooo volts. The Standard Electric Company of Califoi 
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nia uses this voltage on a line constructed of aluminiun 
cable I inch in diameter, and made up of 37 strands, thi 
different cables being 42" from each other. 

Very long distance electrical jwwer transmission is mosi 
economically accomplished by the emplo)'ment of such high 
voltages. As generators cannot be constructed to givf 
much higher than ij.cmx) volts, and utilization devices an 
also limited as to the voltage which may be impressed upor 
them, step-up and step-down transformers are necessary. 

To produce the same percentage loss of power in a 
line when its length is varied, the impressed voltage must 
vary as the length. The number of volts per mile vary 
in practice from 300 to 2000. The choice of voltage is 
determined by balancing the annual value of the energy 
lost in the line against the interest and de[>reciation onj 
extra capital invested ncccssarj- to prevent the Ii 

As the distance of transmission decreases th 




POWER TRANSMISSION. 169 

A point when step-up trans{«rmers can be dispensed with 
and also sumc slcp^lowii transfumicrs. A further decrease 
of distance permits of transmission and distribution witi 
out the use of any transfurmcrs. 

89. Number of Phases A com|>arison of ihc weights 

of line wire ui a given material, necessary to be used in 
transmiltin;i a given powur, at a tjiven luss, over the s;imc 
distance, must be based upon equal maximum voltages 
between the wires. For the lifsses by leakage, the thick- 
ness and cost of insulation, and ixrrliaps the risk of danger 
to lite, are dependent ujion the maximum value. A com- 
parison upon this basis gives, according to Stcinmetz, the 
following results: — 

Jiehthe w.-ifchfs of lint wire Ui transmit (i/inti fiintfr mrr tht \ 
titme liislitnce at the same loss, ■with unit ponti fader, 

a Wlree. Single-phase 100.0 

Continuous current .... 50.0 

3 Wlrea. Three-phase 75.0 

Quaner-phafie M5-7 

4 Wires. Quarter-phase loo.o 

i The continuous current docs not come into consideration 

because <if its voltage limitation. The single-phase and 

I 4-wire qiiartcr-phasc sjstem each requires one-third moi 

[ wire than the three-phase system. 

By use of the Scott threc-pha.sc quarter-phase tra 
I former the transmission system may be three-phase, whj 
I the distribution and utilization system may he qtiartd 
I phase. 

). Aluminium Line Wire. — There arc but two t 
available for the constructicin uf luDjj-tnuiw 
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lines. The high permeabiHly of iron prohibits its use. 
The remaining materials arc copper and aluminium. The 
prices of both metals vary, antl sometimes it is cheaper to 
use one metal, and a^ain to use the other. A number nl 
aluminium lines have been constructed on the I'acific 
.coast. Not all of them have proved satisfactorj-. Some 
of them broke very frequently and without appa.ent undue 
strain. Experience has shown that the troubles were due 
either to improper alloying or impurity of the material, or 
to improper stringiitfr of the wires. Aluminium has a 
large temperature coefficient of expansion. Allowance 
should be made for this. The Standard Electric Co. 
strings so as to subject their aluminium cables to a strain 
of 4000 lbs. per square inch at 20° C. Perrinc and Baum 
give the following data concerning a line of coramercial 
aluminium in which they were interested: — 

DATA CONCERNING ALUMINIUM. 
Size of Aluminium Wire = No. 1 copper. 
Resistance of Aluminium Wire = No. 3 copper. 
Tensile Strength of Aluminium Wire = No. 5 
Weight of Aluminium Wire = No. 6 copper. 

Diameter for the same conductivity 1.270 times copp< 

Area " 1,640 times copper. 

Tensile Strength for the same conductivity 0.629 ' 

Weight for the same conductivity 0,501 limes copper. 

91. Line Resistance The resistance of anythin 

very large lines is the same for alternating currents a 
direct currents. In the larger sizes, however, the resi 
ancc is greater for the alternating currents. The reason 
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for the increase is the fact that the current density is not 
uiuXorm throughout a cross-section of the conductor, but ■ 
is greater toward its outside. The lack of uniformity of ~ 
density is due to counter electromotive forces set up, in 
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the interior of the wire, by the varying flux around the 
axis of the wire which accompanies the aUcniations of the 
current. This phenomena is lemietl skin fffett. Its 
magnitude may be determined from the cur%'e in Fig, 145. 

93. Line Inductance. — The varying flux, which is set 
up between the two-line wires of a single-phase trans- 
nission circuit by the airrent flowing in them, gives rise 
:o a self-induced ojuntcr F..M.F. The inductance per 
unit length of siuffle wire is numcrimlly equal lo the flux 
per unit current, which links a unit length of the line. 
To dctermme this value consider a single-phase line, with 
wires of R cms. radius, strung with ./cms. between their 
centers, and carrying a current L Let a cross-section u£ 
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the line be represented in Fig. 146. The flux d^^y which 
passes through an element dr wide and of unit length, is 
equal to the magnetomotive force divided by the reluc- 
tance or 



//<I>i = 



4 TT/ 

~d7 



Integrating for values of r between d — R and R 



4>i = 2 / log f - 



R 



and practically 



= 2 / log 



R. 



There is some flux which surrounds 
the axis of the right-hand wire, and 
which lies inside the metal. This is of 
appreciable magnitude owing to the 
greater flux density near the wire. 
Represent the wire by the circle in 
Fig. 147, and suppose that the current 
is uniformly distributed over the wire. 




inside the circle of diameter x is 
motive force, which it produces, is 



R' 



Fig. 147- 

Then the current 
/, and the magneto- 
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The flux, however, which it produces, links itself with 

but -Twths of the wire. The flux through the element dx^ 
K 

which can be considered as linking the circuit, is therefore 

2 j(^i(ix 



i/^„ = 



fJU^ 



Integrating for values of .r between o and A'. 



*» = 



2 / 



f*4 



For copper or aluminium wires /x = i. Hence the total 
flux linked with the line is 



*. + *, = 3/[iog.(;^.) + ^]. 



and the inductance, in absolute units, being the flux per 
unit current, is 

This gives by reduction the inductance in henr}s per wire 
per mile as 

Z = (80.5 -f 740 ^^g(^))'o~"* 

In case of a three-phase line, the inductance in henrys |>er 
mile of the whole circuit is 



Z = (.39 + ,,28olog(^)) 



10 



93. Line Capacity. — The two wires of a single-phase 
transmission line, together with the air between them, 
act as a condenser. The wires correspond to the con- 
denser plates, and the air to the dielectric. When lines 
are long, or when the wires are close together, the capacity 
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is quite appreciable. The capacity of a lwi>\virf lin 
niicrtrfamds per mile of line is approximately 



^-a) 



where d is the distance between centers of wires, an3 A' is 
I the radius of the wire, both bdng measured in the same 
units. 

Because of its capacity, a hne which is unloaded takes 
a current when an alternating E.M.F. is impressed upon 
If the cajKicity be C microfarads, then R volts at a 
} frequency /would send a charging current (§ 3t} 
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' amperes. 



Line Constants. - The various ciinslanl-s of a tram 
! mission line arc given in the tabic on the preceding page. 

In calculating the sizes of lines, transformers, and 
I generators of a transmission system, allowance has to be 
I made for ihe various power faaors of the lo;id drawn off 
l-st various points. Induction motors, arc lights, and 
fironoiis motors imdcr some excitations have other 
unit iwwer-factor. Therefore transformers which 
iply them must have an excess uf capacity sufficient lo 
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Line loM in per ttirt. of power delirered 
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carry the extra current. The line, the step-up trans. 
formers, and the generator which supplies the electrical 
energy, must all have increased capacity. The prime 
mover, which drives the generator, however, does not need 
to have this extra capacity. The actual current in all the 
apparatus being larger than it would be if the power- 
factor were unity, is accom|)anied by increased heat losses 
at every point. The excess of capacity is needed to get 
rid of this heat, without undue elevation of temperature 
in the apparatus. The equivalent impedance of the loads 
and their equivalent power-factor as affecting the line can 
be determined as shown in the problems of Chapter IV. 

95* Weight of Copper. — In the curves of Fig. 148 arc 
shown the relations which exist between the transmission 
loss of power in percent, the impressed volts per mile, and 
the weight of copper jwr k.w, delivered. The loss is 
e.vpressed as a percentage of the power delivered. The 
curves apply to a three-phase transmission at unit power- 
factor. I*'ive per cent has been allowed for sag of lines be- 
tween i«jles. To determine the values for aluminium wire, 
»irect by the constants given in § 90. 
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CHAPTER X. 



TESTS. 

96. Apparatus — In the following pages are givi 
tions for a series o£ experiments designed lu give tht 
dent dexterity in handling apparatus, a firmer grasp ol 
phenomena connected with alternating currents, ai 
knowledge of the methods employed in testing altems 
current apparatus. This course was laid out for m 
a laboratory with but a moderate amount of appar 
and all this apparatus will be here described to avoit 
necessity of introducing such descriptions in the direc 
for the exjieriments. 

The laboratory is supplied with power from an Ei 
direct-current three-wire system with 117 volts on a 
The largest machine is a 7.5 K,w. double-current g' 
ator, which is nm as an inverted converter from the 
son current. This is a four-pole machine whose spcet 
be regulated from I300 to iSoo r.i-.m. This giv 
range on the alternating end of 40 — lo 60 —. Then 
six slip-rings on the armature, so conneelwl that si; 
phase current can be had from rings 1 and 4, qiiarter-p 
from 1-4 and 2-6, and three-phase from i-3~S. The 
age. of course, cannot be altered. A laboratory not 
plied with current frum a street service could use ! 
a machine, running it as a double-current gcnerainr 
steam or gas engine. This would be more desirable 1 
running a regular alternator; as Ireciuently direct cmr 
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as well as alternating, is called for in the experiments. In 
siicli case, both frequency and voltage could be regulated. 
Besides this, there is a soowall, 8-pole, 125— alternator 



belt-driven by a direct-c 
this machine was given i 
most of the tests are rui 
abuut I K.w. capacity. 
with [our slip-rings on o 



Tent motor. The wave-shape of 
I Fig. 4. The machine on which 
I is a double-current generator of 
This is a bipolar machine fitted 
ne end and a commutator on the 
other. The rings are arranged so that three-phase cur- 
rent is obtained from rings 1-2-3, and single-phase from 
rings 1-4. This machine serves a multitude of purposes. 
It can be run as a direct-current motor ; as a synchronous 
motor, either single-phase or three-phase ; as a converter, 
either direct or inverted ; and when driven by a bell, as an 
alternator, single-phase or three-phase ; or as a direct-cur- 
rent generator, either shunt wound or .se|iaratdy excited. 
Its speed can be varied from 1500 to 2400, giving fre- 
quencies of 25 _ to 40 — . It may be run in parallel 
with the larger converter when that is slowed down to 
40 — The ec[uipment of rotating apparatus is completed 
by two induction motors, one of onc-hnrse power, the other 
of a half-horse [wwer capacity. They are both wound for 
three-phase; but the smaller is equipped with a condenser 
c(fmpcnsator, as described in § 67, and can be tun when 
desired on a single-phase circuit. 

The transformer equi|niient consists of three t-K.w. 
I to I oit-coolcd transformers, a h3lf-K.w. I to 2 air- 
cooled transformer, and an old ring-wound armature ar- 
ranged with taps HO that it can serve to transform from 1 
glO I, 2, 3, or 4. 

I For inductive circuits three coils arc used. The first, 
wa ax Coil 1, was described in § 9. It has about 3000 
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turns of No. 16 B, & S. wire, 10 ohms resistance, am 
henrys inductance without iron. A bundle of iron ' 
16" long and li" diameter can be inserted in cither ti 
three coils. Coil 2 is in ihe shape uf a hollow cj-li: 
whose external diameter is 3I", internal diameter 2i|", 
length 3J". It consists of about 6500 turns of Nc 
B. & S, wire, with an inductance of o.i henrj' and a n 
ance of 60 ohms. Coil 3 is of the same avtemal ap 
ance as Coil 2, but is made of about 7600 turns (4 Ni 
B. & S. wire, giving an inductance of 0.141 henry a 
resistance of 60 ohms: It will be noticed that Coil 2 
Coil 3 have the same resistance, and that their inducta 
are as i to V2. Six paraffined paper condensers of a 
two microfarads each, are used when condensive cir 
are desired. 

The instruments used are as follows: Four hot- 
ammeters, with ranges of I, 3, 15, and 20 amperes res 
lively. All but the first work across shunts, the small 
however, taking the whole current through its hot 1 
These, of course, are used for cither alternating or d 
currents. Two inclbed coil ammeters have ranges res 
lively of g amperes and 50 amperes. 

There are three voltmeters, an inclined oil instrur 
reading to 65 volts ; a Cardew hot-wire instnmient, 1 
ing to 1 50 volts; and a Weston standard [Kirtable volln: 
with two scales, one up to 100 volts, the olhcr up to 
Any of these may be usetl on either alternating- or dii 
current circuits. 

For all the larger measurements a 2.5 k.w. indica 
wattmeter is used. For the finer mcasuremcnis a We: 
standard wattmeter, having two scales, is used. Tlie lu 
scale^fpr UM with pressures of ?S volts or less, reads 
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to 75 watts ; the upper scale, for use with pressures of i go 
volts, reads up to 150 waits. For this instrument a shunt 
has been constructed, having a coil similar to the current 
coil of wattmeter, so as to have the same resistance and 
the same time constant as the latter. This is placed in 
parallel with the current coil, a small resistaiice for ballast 
having first been placed in scries with each. The watt- 
meter then reads iip to 300 watts, and is as acairate on 
inducti\e as on non-inductive laids. 

Certain direct-current instruments are occasionally used, 
principally a Weston standard portable 150-volt direct- 
current voltmeter, and a similar five-ampere ammeter. 
These instruments are used for convenience, and could be 
dispensed with if necessary. 

A means of measuring the rate of rotation of the various 
machines is essential, and a portable tachometer is by 
far the best instrument for the purpose. Of course, a 
greater accuracy can be obtained by using a revolution 
counter, and noting the number of revolutions in a con- 
siderable length of time ; but this method is too slow to 
be satisfactory, and is useless if the speed be fluctuating. 

To load a machine etectrically, two lamp boards are 

used. These have each ten key sockets arranged in two 

rows between three wires. Thus, three wires of a three- 

, wire system may be connected thereto, or the outside 

[ wires may be connected together, and all the Limps be put 

Jin mu1ti]ile; and finally, by using the two outside wires 

■-.only, all the lamjis turned on in one row can be put in 

with all those on in the other row. Thus a wide 

Viangc of resistances can be obtained by very small steps, 

I 3 few each of S, 16, 32, 50, and too candle-power lamps 

e in the sockets. 
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In the following descriptions of experiments, for 
. sake of brevity, the apjKiratiis needed will not be nam 
but such notation will be usetl in the figures, showing 
arrangement of apparatus, that the particular appan 
will be indicated. All measuring instruments will 
marka! with a letter indicating their kind, and a nun 
indicating their capacity ; thus A^ is a three-ampere 
meter, I-f'j.^is a 2.5 k.w. wattmeter. In many t 
manner of drawing will indicate the apparatus, thtfj 



thtfH 

let^^l 



Q is an aitemating-current ainmeier or voitmet^ 
^^ is a direct-current ammeter or voltmeter, 
pjj is a wattmeter, the binding posts of the current 
" being conspicuously large to avoid confusion. 

s-^ is a switch designed to shift one ammeter out of 
cuit and another in without internipling the 
tinuity of the circuit. 
.., — is a contact-maker, giving a short contact at 

desired point in a revolution. 
.^^ is a commutator designed to change the dir^^ai 
■"^ current flow in a circuit. 

»jj f^ is a lamp board as described above. 
_CCCQ_ is an inductive coil. 
■ — ^\— is a condenser. 
• ■ is a transformer, the numhets indicating ihel 

^ II number of ttirns. 

-_ is the armature and field coils of 3 direct-cnr 
' *- machine or the direct-current end of a convei 

^r- is tile armiilure nnd field coils of an alternating-' 
' rent machine or ihc alternating-current end 

It converter, 
is to represent a bell-drive between two armature 
is to represent a dir«ct cimncction, or, in the cast 
a conv(iTt«r. the two ends of ihe same armaturi 
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97. Exp. I. Peculiarities of Alternating-Cutrent Circuits^ 
r — This experiment consists of some merely qualitative^ 
I obser\-ations calculated to illustrate to the student the < 
w ference between alternating currents and the direct cui^ 
\ rents he has hitherto used, 

Firs/ Part. — Arrange the apparatus as in Fig. 149, thel 

I lamp being by way of protection, in the case of accidental I 

I short circuit. Let jr be lirst, 

I the inductive coil known as 

Coil I, second, the same with ***■ 
L , . ... *. c,.„, 

P the iron core inserted in it, ^- 

I third a condenser of about 

1 M,p. capacity, and fourth 

50-candle power lamp, 

[ Apply to these circuits a 

I uniform potential of about 60 volts. 

f be successively 1 2$ ~, 40 —, and o - 



^ 



Let the frequeni 
, i.e., direct current. 
[ With each change note the ammeter reading. It will be 
I observed that with an bduaive circuit the current in- 
\ creases as the fre<iuency decrca-ies, and that the maximum 
I current possible flows in the form of direct current. With 
l.a condensive circuit the current decreases as the frequency 
^decreases, and is zero with direct i*urrent. With a non- 
reactive circuit, such as 
* — jjv, the 50 c. p. lam|>, the-J 
_| ' current flow is indcp< 
denl of the frequency. 
Direct current al 6© J 
vlls for this experiment can be secured, of course, byl 
running a small dynamo at suitable excit^ilion, but mor~ 
Buily from the 1 17-volt street service by the arrangem 
I in Fig. i;o. The lamps can he ndjuMcd to givi 



"'ifi^^ 



304 



ALTERNATING-CURRENT MACHINES. 



60 volts, and the rheostat can take up the 1 
This adjustment will be, of course, somewhat differ* 
different loads. 

Stcomi Part. — The following solution is one i 
many used for blue-prints, and has, besides, the prop< 
turning blue, at the anode only, when a current is pass 
through it, if the anode be of iron. Mix 25 parts { 
weight) of ammonium nitrate, NH, NO,, and 12.5 parts 
ammonium muriate, NH^Cl, Dissolve 1.3 parts of fer 
cyanide of potassium, K^Fe {CN \^ (red pnissiate of potas 
in 1000 jjarts of water. Add the ammonium salts, 
chemicals should be pure and the water distilled, 
in a dark place, and use within twenty-four hours. 

Prepare an insulating handle, Fig. 1 51, with three piaii 
wire projections long enough to be elastic, and who 
points may touch a plane surface in a right line 



i 




near together. Let these wires be connected through I 
c- p. lamps respectively to the terminals of a thrcc-phas 
system, the pressure beinjj too volts or less, and the fri 
quency 40 or less. I^y an uncalendered paper we 
moistened, but not soaketl, in the bhie-print solution upo 
a metal plate, and draw the marking-points quickly acros 
its surface, lilue marks will be left when the current i 
pa.'ising in one of its directions; and these, by their intei 
ii|)ted nature, will show the change of direction in tH 
alternating current. Also the relative displacement o 
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" stagger " of the rows of marks will show 
jthe phase displacements of a thrcc-phasc 
■•current, as in I-ig. 152. 

Tliini Pari. — Excite a i6-candlc power 
llamp with :illernating current at its rated 
IVoItage and a low frequency, say 40 ~~. 

■ Huld one end of a bar magnet against the 
1>ulb and in various positions. The fila- 

V'ltient will vibrate synchronously with the 
^alternations, due to the regularly recurring 

■ attraaion ajid repulsiun between the per- 

lancnl magnetic field of the magnet and 
ithe alternating field of the fikiment. If 
f.this experiment fails at first, try varying ' 
l-tbe frequency, the strength, and polarity 
Bof the magnet, and even try other tan)i>s. 
f Often the filament can be made to so vi- 
Lbrate as to touch the glass, and finally 
Jrupture itself. 

Exp. 2. Shape of E.H.P. Wave of 

Uternator. — ^To |>crform this ex|M.TijnL'nt 

made of a balance, as shown in 

iFig. 153. It consists of a hard graphite 

kJ, C, of high resistance, through which 

iurrent is passed from a direct -current con- 

int potential source, two 16 c. p. lamps being in serieqifl 

) guard af^ainst accident in cisc of acci<lental short ciw^ 

A rolling contact bears upon this r<<d, and allow 
[ a nice adjustment of the pressure applied to the tcstiitd 
^rcuit. This pressure can be accurately measured by ihq 
[andard din;ct<urrent voltmeter V. In one branch 1 



nc. tp. 
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the test circuit is placed the telephone receiver, T. Tl 
operation is as follows : The test circuit, consisting of tl 
armature of the alternator, a lamp or other non-inductr 
resistance for protection, a contact-maker, and the E.M. 
balance just described, is closed for an instant at sor 
point of the revolution which corresponds to some poi 
of the curve of instantaneous pressures. At such install 
current will flow through the test circuit, causing tl 
telephone receiver to click sharply ; and this click com' 
with a rapidity correspondii 
to the rate of revolution 
the contact -maker, say i8( 
per minute. The sliding <Xi 
tact on the graphite rod 
then operated until the co 
tinuous direct E.M.F. is ju 
equal and opposite to the i 
stantaneous E.M.F. put fori 
by the alternator. Then thei 
will be no flow of currci 
whether the contact-maker \ 
opened or closed, and the r 
ceiver will cease to click. The voltage can be read d 
rectly on the voltmeter, thus obviating the use of an 
reduction constants. This method, due to Mershon, 
very delicate, since a telephone receiver is sensitive ( 
very small currents. 

To obtain an E.M.F. curve from an alternator, arran^ 
the apparatus as in Fig. 154. The contact-maker is coi 
nected directly to the shaft of the generator, and is oblige 
to revolve in unison thcrewitli. Run the allernaior at it 
rated sijeed and voltage. Set the brush of ctintact-malaj 
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! at the desired beginning point, and balance the instanta- 
neous E.M.F. by sliding the balance until no clicking is 
heard in the receiver. Note the setting of the contact-J 




i maker and the reading of the voltmeter in the balance. 

Set the contact-maker ahea<l by five clectrital degrees 

( I mechanical degree = / electrical degrees, where p is the 

number of pairs of poles), and rei>cat as before. Take 

readings thus by steps of five degrees throughout one 

complete cycle, i.e., under two poles. Since the inslan- 

I taneous E.M.F. will be in one direction during half a 

J cycle, but in the opposite direction during the other half, 

I and balancing E.M.F. is always in the same direction, 

I a commutator must be inlroduced in the test circuit, as 

\ shown. VVIien the commutator Ls in one position, the 

[ voltage readings should be marked +, when in ihc othca 

Iposition, they should be marked — . 

Plot a curve with volts as ordinates and degrees a«1 

' Bhsciss::e. Indicate on the margin of the curve-sheet the 

efft'ctive \aluc of the curve as obtained from the altcrnat- 

I ing-current voltmeter. By means of a planimeler meas* _ 

|urc the area of one lobe of the curve, and find Its averagi 

inati^ by dividing the arta by the base line, ie., tb 



208 



ALTERNATING-CURRENT MACHINES. 



length corresponding to 180°. This may be done in i 
and square inch units, if the planimeter be so calibra' 
without reducing. Lay this average ordinate off on 
margin also. Divide the effective value by the aver 
value to obtain the form-factor (§ 4) of the pressure wi 
If this value be about i.ii, the curve is practicall 
sinusoid. 



99. Exp. 3. Shape of Current Wave of Alternator n 
Inductive Load. — Arrange the apparatus as shown 
Fig- 155- The method of procedure is that of Exp. 2. 

The instantaneous drop of potential along a non-inc 
tive resistance is proportional to, and in phase with, 
current in that resistance. Measure the resistance 

Coil 1 

SSSSL. 



\&- 




f] j50 c.p. 



t 



16 c.p. 



JWWW\MAR 



60 



(3- 

Fig. 155. 



To Balance 



the 50 c. p. lamp under the conditions of nscy since 
resistance of a carbon filament varies widely with 
temperature ; and from tliis, and the values of instar 
neous pressures observed, calculate the instantaneous c 
rents according to Ohm's Law. 

Plot a curve with amperes as ordinates, and degrees 
abscissae. 



I 

I 
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100. Exp. 4. Simultaneous Pressure, Current, and 
Power Curves from Alternator with an Inductive Load. — 
Arrange apparatus as in Kig. 156. It will be st:i;n that 
either a point 011 the pressure curve (K.\p. 2), or a point 
oil the current curve (Kxp. 3), eaii be talteii by suitably 
placing the two-throw switch. Putting the commutator 
in the main circuit instead of the test circuit is jxtssiblc 
when the load is light, does not affect the vaHdity of the 
obser\'alions, and eliminates a ]x>ssible source of trouble 
from bad contacts in the test circuit. Readings are to be 
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taken every five degrees through 400°, a little over one 
cycle. Take readings for both pressure ami current curves 
each time before moWng the conlact-maker. This is l>cller 
than taking a complete current curve, then going back and 
taking a pressure curve, since there is more ILibility to 
distortion due to change in conditions in the Litter case. 
The voltmeter, ammeter, and wattmeter readings should 
not vary during the test, and occasional observations should 
be made to see that this condition is complied with. If it 
cannot be, rcidings at statc<l intenals should be taken, 
and their averages used in the subsequent calculations. 
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Plot three curves on one sheet, having degrees i 
common abscissa, and volts, amperes, and watts i 
respective ordinates. The instantaneous watts af" 
abscissa etjual the product of the Instantaneous volts 
amperes for that same abscissa. In general, a sepai 
scale of ordinates will be required for each curve, '. 
cur\'es will have the general relations sho'ivn in F'ig. 14, 

Note the number of degrees intercejited on the a 
between the pressure curve and the current curve. 1 
is the angle of lag, ifr, the co,sine of which is the pov 
factor of the circuit if the pressure wave is . 
By the method given in Exp. 2. find the form-factoi 
pressure curve. Divide this by the form-factor of 1 
sinusoid, i.e., i . 1 1 , and call the quotient A'. Then J 
is the power-factor of the curve, whether sinusoidal or 1 

By means of a planimeter, measure the area of the lo 
of the power curve, being careful to go around the n( 
tive part in a counter-clockwise direction, Find the m 
ordinate of this curve by dividing the area by the b 
line, and determine its value in watts by laying off on 
scale of ordinates for the power curve. 

Fill out the following table, putting in the last 1 
the percentage variation of the individual values fw 
average, 



H..» I,.,=™«.p, 


W...S 


« 


By Wadnieler 






By Planimeter ,...., 






By Ax /y A- cos*. . . . 






.Vvemgc 


° 




I 



The variations should be within the Umits ol i 
instruments and obsenatiuns, say 2'%. 

101. Exp. 5. MeasuTement of SelHndoctsnce. — There 

arc varicj^s methods of measuring the coffficicul o( self- 
induction, two o( which are given here. The first is 
applicable to any scries circuit, and consists in the deter- 
mination of the quantities in the general expression 



and solution fur /.. If E, I, and R be measured respec- 
tively in volts, amperes, and ohms, /, will be expressed 
in hcnrys. 

(d) Arraii^'e ap[>araius as shown in Fig. 157, nil the 
lamps being turned off. Insert at x successively Coil I, 
Coil 2, and Coil 3, Turn 
on [amps until a good \7*' 

ammeter deflection is ob- 
tained, and note readings 
of ammeter and volt- 
meter. The ohmic re- 
sistance must in eiich 
case be independently determined if not already known. 
Take four sets of observations with each coil; with and 
without iron core, at 40 ->, and 60 —. 

Solve for the inductance in each uise from 



-.p 



J" 

lOV, 



««■■; 



Without iron in the magnetic circuit, /. is a constant of 
the circuit, independent of / and/; but when iron is pre*- 
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ent, it varies considerably with / and slightly with , 
The variation of inductance with load is the subject • 
Exp. 7. 

Caution must be used in this experiment, that the ai 
meter be not injured. For instance, the careless remov 
of an iron core with closed circuit may cause a destructii 
increase of current. 

{b) The above method of measuring the inductance 
not applicable to branched or parallel circuits with differei 
time constants, for the reason that the resistance of tl 
whole circuit, as measured by direct current, is not th 
equivalent resistance of the circuit, as explained in § 2J 
A method using a voltmeter, ammeter, and wattmeter i 
entirely general, is equally accurate, and does not requir 




Fig. X58. 

the independent determination of the resistance. Arrangi 
the apparatus the same as in the first i>art of this expert 
ment, with the addition of a wattmeter, as shown ii 
Fig. 158. The method of procedure is the same as be 
fore, save that the wattmeter reading is also noted in eacl 
case. If /, E, and P be the instrument readings in am- 
peres, volts, and watts respectively, then the inductance in 
henrys is 



Z = 
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This equation results from a consideration of the fol- 
lowing : — 



cos ^ = 



Er 



4> = cos~* 



EI' 



Z = 



E 
1' 



inL = Z sin ^ (see Fig. 30). 
^ sin (cos- ^) 



.-. Z = 



Cl> 



102. Exp. 6. Measurement of Capacity. — When there 
is no resistance and no inductance in a circuit — as is the 
case with a condenser — the general formula 

E 



/ = 



v/^+H-iJ 



reduces to 
hence 



/ = mCEy 



2ir/E 



Arrange the apparatus as in Fig. 1 59. Let x be the six 
condensers taken, first two at a time, then three at a time, 
then all together, always arranging 
them in parallel. Note the current 
nd pressure in each case, and 
solve for C by the above formula. 
The capacity of any parallel com- 
bination of condensers is the sum wg. 199. 
of the capacities of the component parts, and should so be 
shown by this experiment. If E and / be in volts and 
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amperes respectively, then C will be in farads. In t 
report reduce these results to microfarads by multiply! 
by lo^ 

This method is not open to the objections to the simil 
method of measuring inductance, since here the resistan 
is practically zero. Yet the second method, using t 
wattmeter, could be employed. The formula would be 



-L = Zsin(cos-^) 



But the wattmeter will read zero, since little power is Ic 
in a condenser, so <^ = 90°, and 

or C = -^_, 

which is the Sclme as deduced from the general formula. 

103. Exp. 7. Variation of Coefficient of Self-Inducti 
Under Load. — This experiment may be performed in t\ 
parts ; (a) by \'arying the magnitude of the measuru 
current, (b) by using a constant measuring current, ai 
varying the saturation of the magnetic circuit by a separa 
current in a separate winding. 

{a) Measure the coefficient of self-induction of the fii 
wire coil of a i to 2 transformer by cither of the methoi 
of Exp. 5. This current must be made to vary by suitab 
steps, and this can most easily be done by applying diffe 
ent pressures to the coil. A wide assortment of pressun 
can be obtained by using different bnishes of the converts 
supplying the energy, and the different steps of W 
I, 2, 3, 4 transformer. Determine the value of L for eac 
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of the conditions, and plot a curve having these values as 
ordinates, and the corresponding currents used in measur- 
ing as abscissae. A curve, such as Fig. 1 60, will result 
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with, certain irons if the current be started low enough. 
The sharp rise of the curve at first is due to the fact that 
at very low densities the permeability increases with density, 
as is shown in the curves on page 24, Vol. i. 
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Fig. i6x. 

(i) Arrange the apparatus as in Fig. 161. The meas- 
urements of L are made on the fine-wire side of the i : 2 



2l6 



ALTERNATING-CURRENT MACHINES. 



transformer, while the permeability is altered by dit 
current in the low-pressure side. The measuring curr 
should be kept constant ; and as it has a tendency to i 
as L decreases, resistance will have to be inserted in ' 
alternating-current circuit by adjusting H^, Take re 
ings at suitable steps from zero amperes direct current 
the maximum safe temporary ampere capacity of the t 
in question, say 15 amperes for a i k. w. 5S-volt coiL 

Calculate the value of L for each of the steps, and j 
a curve, using these values as ordinates and the dirt 
current magnetizing amperes corresponding thereto 
abscissae. 

104. Exp. 8. Measurement of Mutual Induction. 
Arrange the apparatus as in Fig. 162, the requisite pi 



Coil 2 




Coil 3 






Iron core througb both 
Tig. x6a. 

sure being secured by stepping up in the i : 2 transform 
The experiment consists of three parts : — 

(a) Determine the coefficient of mutual induction 1 
tvveen the two coils from the formula 

Transpose Coil 2 and Coil 3, and determine J/ again, t 
formula changing, of course, to 

The results should be alike if the same current floi 
in each case. 
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Finally calculate the theoretical value of ^l/on 
I sumption of no magnetic leakage from 

Z, and /,, were determined in Kxp. 5. If the same meas- 
uring currents be used throughout, this last vahie of M 
will be somewhat above the others, since there is some 
leakag^c flux, 

{b) With the arrangement of Fig. 162 place the iron 
core with its end flush with the outside of Coil 2, and pro- 
jecting clear through Coil 3, Move Coil 3 by steps of 
2 cm. each from o to 24 cm. from Coil 2, and measure 
the value of M for each step. He careful that the iron 
core be not moved relatively to Coil 2. 

Plot a curve with centimeters as abscissa and values of 
./If as ordinutes, 

(c) Repeat the last, keeping the iron flush with Coil 3 
however, and moving Coil 2. In this case the current in 
Coil 2 will vary, and the curve will be distorted by the 
effects of load and saturation as investigated in Ex]). 7. 

Plot curve of {b) and that of {c) on the same sheet and 
to the same scale. 

He careful not to remove the iron core entirely from the 
coil that is carrying the current, or the current will exceed 
the ca|>acity of the ammeter. 

10$. Exp. 9. Heasurement of Power in a Singlt-phase 

Inductive Circuit. — -There are various ways of measuring 

power in alternating-current circuits besides using a watt- 

I meter, but none arc as satisfactory. 

^ In the following it is desired to measure the power in 

CoU I : — 

{(j) By the ihree-voltmeUT melhod. Arrange the appa- 
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ratus as in Fig. . 
the non-induct 
lamp resistance, 
having been pi 
ously determin 
With a loo-volt 
temating-cuirent ^ 
meter note the p 



Fig. X63. 

sures indicated. The power, P, in the coil is 

(d) By the three-ammeter method. Arrange the a] 
ratus as in Fig. 164. If / be the reading of A^ /, that 
A.^f and /^ that of A^, the power in the circuit is 

where A' is the non-inductive resistance of the Ian 
which must be independently determined for the coi 
tions of operation. 




Fig. 164. 



Fig. X65. 



(r) By the combined method. Arrange apparatus as 
Fig. 165. If /be the reading of A., /„ the reading of . 
and /:' the reading of the voltmeter, then the power in t 
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If it be desired to compare the results of {a), (b), and (r), 
f arrangements must be made so that the same difference of 
potential may be applied to the terminals of Coil ! in each 
case. 

These methods arc rather impractical, and opi-n in the 

two serious objections that a small error of observation 

may lead to a serious error in the result, and that the 

maximum accuracy can only he obtained when alxiut as 

I much power is cnnsumer! in the auxiliary devices as in the 

f circuit under test. 

106. Exp. to. Measurement of Power in Pol7PhaBe 

Circuits by Indicating Wattmeters In any iwn-phusc cir- 

cnil <>( f'lur wire's the l"a(l can be measured by two watt- 
meters, one connected regularly in each phase. The sum 
I of their readings is the |»wer in the circuit. In a two- 
[ phase four-wire system with a balanced load, one of the 
I wattmeters may Iw dispensed with, and the reading of the 
[ other mviltiplied by two. 

In any two-phase, three-wire system the power can be 
M by two wattmeters connected as in Fig. 166. 




I of the instrument readings is the whole power, 
wo-pbase, threc-wiresystcm, where all the kud is con- 
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Balanced 
Load. 




nected between the outside wires and the common w 
and none between the outside wires themselves, and wh 
the load is balanced, then one wattmeter can be used 
measure the whole power by connecting its current coil 
the common wii*e nd its pressure coil between the a 
mon wire and one outside wire first, then shifting t 
connection to the other outside wire, as indicated in I 
167. The sum of the instrument readings in the t 

positions is the wh 
power. A wattme 
made with two pi 
sure coils could hi 
one conaected ej 
way, and the inst 
Fig- 167. ment would autorr 

ically add the readin^^^s, giving the whole power direcl 
Or, again, a high non-reactive resistance could be j^la( 
between the two tnitside wires and the pressure coil 
the wattmeter connected between the common wire a 
the center point of this resistance. This requires that 1 
wattmeter be recalibrated with half of this high resistai 
in series with its jiressure coil. 

With the rxccption of the two-phase systems, t 
jK)\ver in any balanced jx)lyphase system may be measur 
bv one wattmeter whose current coil is placed in one wi 
and whose pressure coil is connected Ix'tween that w 
and the neutral poir.t. The instrument reading multipli 
by the number of j^hases gives the whole power. T 
neutral ]X)int may be on an extra wire, as in a three-j)ha: 
four-wire system ; or ma\ be artificially constructed by cc 
necling the ends of ecjual non-reactive resistances togeth« 
and connecting the free ends one to each of the phase win 
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I With the csccptioii of the twophasc systems, the 

ioviaT in any «-phase, «-wJre system, irrespective (jf bal- 

iicci may be determined hy the use of «— i wattmeters. 

"he current coils are connected, one each, in n~ I of the 

vires, and the pressure coil-s have one of their ends con- 

faiectcd to the re:^K.'Clive phase wires, and their frci: ends 

[■all connected to I he «lh wire. The <tlgibraic sum of the 

ladings is the ]X)wer in the wiiolc circuit. Depending 

upon the power factor of the circuit, some of the wait- 

leters will read negatively, hence care must be taken 

[j^hat all connections arc made in the same sense; then 

Ihnse instruments which retiuire that their connections be 

Changed, to make them deflect properly, are the ones to 

whose readings a negative sign must l>e affixed. 

Some specific connections for indicating wattmeters in 

three-phase cirniits are shown in the following figures. 

r Fig. 168 shows theconnt'Lli'in of ihroc wattmeters tn nieas- 




[Qrcthc power in an unbalanced thrve-phasc system. AH 

I the readings will W. in the piwilive direction, and Ihm 

mm is the total power. If a fourth, or neutral wire be 

Epresent, tt slionid be used, in»te;id of creating an artificial 

rutral. a.s shown. The magnitude of the equal mm- 

sactive rcsislanoca^ used to secure ihis neutral point, 
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Balanced 
Load. 



ro ♦ 



t=^^ 



§ 



Fig. 169. 



must be so chosen that the resistances of the pressure-c 
of the wattmeters will be so large, compared thereto 

not to disturb the 
tential of the artifi 
neutral point. 

Fig. 169 shows 
connection of one >^ 
meter, so as to 1 
one-third of the wl 
power in a balan* 
three-phase, four-i 
system. If the system be three-wire, a neutral p 
may be created as in Fig. 168. 

Fig. 170 shows the connections of two wattmeters 
the determination of the power in balanced or unbalar 
three-j)hase systems, avoiding the necessity of a neii 
point. The algebraic 
sum of the instru- 
ment indications is 
the whole ])ower. If 
the power-factor be 
greater than .5, both 
instruments will give 
positive readings ; if 
it be less, one instru- 
ment will give a negative reading. With low power-fact 
such as given by a j)artially loaded induction motor, 
sometimes difficult to determine whether the smaller n 
ings are negative or not. If in doubt, give the wattme 
a separate load of lamps (power-factor = i) and make 
connections such that both instruments deflect prope 
Then connect them to the l^'^^l to be measured. If 
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terminals of one instrument have tu be exchanged, then to 
the readings uf tliat instrument must be affixed the nega- 
tive sign. Fig. 171 shows the connections for one watt- 
meter in a balanced three-phase circuit, independent of a 
neutral jxiint. The free end of the pressure coil is con- 
nected first to one of the wires opposite that in which the 
current coil is cun- 
nccled, then to the 
other. The alge- 
braic sum I if the 
readings in the two 

I positions is the total 
power. Both read- 
ings will be positive if the power-factor is greater tlian 
.5 ; but one of iheni will be negative if it is less. 
Hence care must lie used to avoid confusion of ^gns at 
low ]>ower-f actors, This method, requiring a two-throw 
switch to change the connection, two readings of the 
instrument, and, if used on a load ^'arying fn>m high to 
low power-factor, a commutator, to change the pressure 

I coil connections, has little advantage over the method of 
Fig. 169, save that it dispenses with the necessity for a 
neutral point. 

Six-phase circuits are used generally <mly between the 
stejwlown tmnsformers nf thrcc-pltasc transmission sys- 
tems and the alternating -current ends of rotary amver- 
ters; hence they arc always balanced. They can then l>c 
measured by the methoil of Fig. i6g, where a neutral is 
employed, or the three alternate wires may be considered 
a three-phase system, the method nf Fig. 171 employed, 
and the tliree-pliasc [wiwer thus determined multiplied by 
2 to give the total puwiT. If the circuit should be unbal. 
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anced, five instruments would be necessary, as stated ea 
in this section. 

The student is expected to construct circuits accon 
to the various figures just given, and convince him 
that the wattmeters do give the true power. If the 1 
be of lamps, the power in each may be measured by a ^ 
meter and ammeter used at their terminals ; then by < 
necting in star and in delta, balanced and unbalanced, 
accuracy of the wattmeter indications can be checked. 

In following Fig. i66 or Fig. 167, it should be rem 
bered that a two-phase current cannot be secured from 
armature with a mesh winding, such as a rotary convei 
must have ; and that any attempt to make a two-ph* 
three-wire system out of a quarter-phase system will 
disastrous. To get twophase current from such a 1 
chine, the quarter-phase current must be passed throi 
the primaries of two similar transformers, two oppos 
wires going to one, the other two to the other. 1 
transformer secondaries will then deliver true two-ph; 
current, and the circuits may be united in a three-w 
system. 

107. Exp. II. Calculation and Measurement of the I 
suiting Impedance of a Number of Impedances in Series. 

Arrange apparatus as shown in V'lg. 172. Determine t 
impedance Z of tlie whole circuit from the readings of t 
voltmeter and ammeter. 

y = ^ ^ 

Independently determine the ohmic resistance of the c 
cuit with the same current flowing. The magnitude 
the current affects the resistance of the lamp. 
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Solve for the reactance, A' = 2 v/L, from the equation, 
Determine the angle of lag <^ from 



tan <f> = 



reactance 



resistance 



♦'!»!— I 



<f> = tan 



iV 



Determine the reactance, resistance, and impedance of 
Coil I, Coil 2, and the lamp, individually. The first two 
can be derived from the data of Exp. 5 without further 
measurements. 

Graphically determine the total reactance, resistance, im- 
pecLince, and angle of lag by combining the individual parts 
in a parallelogram of impedances as described in § 26. A 
convenient scale for the actual plotting for a drawing-board 
25" X 30" is 2 ohms= i cm. 

Make a report in the form of a table such as the follow- 
ing. The \7iriati()n, with careful work and good instal- 
ments, should not exceed 2%. 
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120 V. 
40-^ 




100 c. p. 



Coill. Co;i2. /C\ 



Fig. 172. 

108. Exp. 12. Calculation and Measurement of the 1 
suiting Impedance of a Number of Impedances in Parall 

— Use the same impedances as in the last experiment, I 
arranged as in Fig. 173. As before stated, the voltmet 
ammeter-resistance method of solving inductive circuits 
inapplicable to branched circuits ; so the wattmeter m\ 
be used as shown. 

Determine the equiva- 
lent impedance from 



Determine the angle 
of lag in the main circuit 
by 



Coil 1. 




COS <^ = 



is/ 



60 V. 
40'>^ 



Coil 2. 




100 c.p. 





rc 



£)1 



Fig. 173- 



Determine the equiva- 
lent resistance, 7v (which 
is not the actual resistance of tlie i)arallel arrangemeni 

from 

R = Z cos <^. 

Determine the equivalent reactance from 

-V = if sin <^. 
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All the constants of Coil i and Coil 2 arc known ; but 
the resistance of the lamp had better be redetermined for 
the particular current used in it. 

Combine the admittances of these jxirts of the branched 
circuit into a polygon of admittances according to § 28. 
Take the reciprocal of the resulting admittance, — that 
is, the equivalent imi>edance, — and resolve it into its com- 
ponent parts of equivalent reactance and equivalent resist- 
ance. The actual plotting may be done on 25" x 30" 
drawing-board to the scales 2 ohms = i cm. and i unit of 
admittance = 1000 cm. 

Make a report in the form of a table such as is used in 
the last experiment. The variation should not exceed 3'/<. 

109. Exp. 13. Calculation and Measurement of Result- 
ing Impedance of any Series-Parallel or Parallel-Series 
Arrangement of a Number of Impedances. — Arrange the 
apjxiratus as in Fig. 174, or according to any other scheme 
if it be desired to vary the experiment. 



..am. ^ 




Fig. 174. 



Determine the values of the resulting or eijuivalent 
J^f X, Z^ and ^, as in Kxp. 1 2. 
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Also determine the same quantities for the individ 
parts of the circuit under the conditions of use if they 
not already known. 

In the graphic determination pursue the follow: 
steps : — 



1. Find the equivalent impedance of Coil 3, and the 

100 c.P. lamp, calling it M. 

2. Find the equivalent imp>edance of the 50 c. p. 

lamp, and J/, calling it N, 

3. Find the equivalent impedance of Coil i, and 

Coil 2, calling it P, 

4. Find the equivalent impedance of P and N. This 

will be the required impedance of the whole 
circuit, and should be resolved into its com- 
ponent parts of equivalent resistance and 
equivalent reactance. Measure <^, the angle 
between the impedance and the resistance. 

Make a report in the form of a table as in the two p 
cedin<^ experiments. The variation of the determinatic 
by the two method should not exceed y/i. 

no. Exp. 14. Efficiency and Regulation of a Tra 
former. — Arrange the apparatus as in Fig. 175. 
two-throw switch allows the same voltmeter to read eit] 
primary or secondary j-jrcssure. The ammeter A.^ may 
used on the lower readinirs. The transformer used 
the .V K.w. I to 2, stepping up from about 58 volts to I 
its rated range. It is ()i)erate(l at its rated frequen 
60 ^ . 

Increase the load from o to i k.w. (ioc^/' overload) 
suitable steps. At each step take readings of the primj 
volts, primary watts; secondary volts and secondary a 
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pcrcs. Since the load is non-inductive, tht: product of the 
secondary volts and amperes gives ihe secondary watts. 

Determine the efficiency and the rcgulaticm, biilli in 
per cent, for each set of readinj^ fnnn 







.iiUs stcoiidiin- 
HMtls primary 
volts prim. — votts st 



fulUload s 







Plot two curves on the same shc-ct, havint; as ihdr 
common absrissie b<»th walls and per cent of full-lwid 
Bccontlary, and as their rcs|jcctivc ordinatcs jx-t cent effi- 
ciency and lOO*;* — jxrr tent regulation. 

III. Exp. 15. Detennination of Load Losses in a 
Transformer. — The core losses arc usually considered 
ini|i,'l>c-iidcnl nf the hxid, while all those that vary with the 
lo;id are called the load losses- Their chief component is, 
of course, the /'K loss in the copper, but there may be 
some cridy current and local hysteresis losses that vary 
■with the Icod, and a determination of them all is made as 
follows : — 

Arranjjc the api>aralu$ as in Fig. 176. The i to 3 
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Fig. 176. 



0.5 K. w. transformer is used with its low-tensi< 
short-circuited. There will be but a small pressure] 
ated therein, and its current will demagnetize tl 

almost entirely;] 
all the losses rrn 
may be considel 
load, not core | 
Care must, of a| 
be taken to cont^j 
amount of curren| 
ing through the ] 
former. ' 

Adjust the Ian 
that about ioo'/{ overload current, 10 amperes, is a 
by A,.. Read the ammeter and the wattmeter. R 
the current by a suitable amount, and read again, 
continue down to zero amperes, substituting A^ fc 
when the readings on the latter become unsal 
tory. 

Plot a curve with load in amperes as abscissae anc 
loss in watts as ordinates. 

Take care that the wire sliort-circuiting the 
pressure coil is of low resistance, and has good con 
Note also that the i)ressure leads from the watt: 
should go direct to the terminals of the transforms 
in general, the resistance of the wires leading to 
not negligible in comparison with the resistance 
coil itself. 

If the current exceeds the ampere capacity of the 
meter, it is advisable to put in a siugle-pole swit 
short-circuit the current coil at all times save wl 
reading is being taken. 
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112. Exp. 16. Determination of Core Losses of a 
Transformer, and Construction of an Efficiency Curve. — 

The core losses, hysteresis chiefly, are constant at all 
loads. Hence, the energy supplied to a transformer when 
its secondary is oixin-circuited, is practically a measure of 
these losses. 

Connect a wattmeter in the primary circuit of the 
J K. w. transformer when its primary is supplied with 
pressure at its rated voltage and frequency, and its sec- 
ondary is ojxin-circuited. 

The wattmeter reading is the core loss. 

From a knowledge of the core loss and the load losses 
at various loads, construct an efficiency curve for various 
l(Kids from o to loo^/c overload (secondary), the efficiency 
in per cent at any load P^ being 

c = X 100, 

-' 1 

where P^ and P^ are the load and core losses resjK»ctively 
at the load /\. 

This curve should be similar to the efficiencv curve 
found in l^xp. 14. 

113. Ex. 17 and 18. Simultaneous Pressure and Cur- 
rent Curves from Primary and Secondary of a Trans- 
former. — It is desired to get these curves for two con- 
ditions. First, ICxp. 17, with a full non-inductive Uxad, 
and second, Kxp. 18, with an equal (in amjKTes) very 
inductive loiid. 

Arrange apparatus as in Fig. 177. For the non- 
inductive load, lamps are suitable, for the inductive had 
the primaries of unloaded transformers are gocnl ; and to 
get a nice adjustment Coil i can be put into circuit, and 



232 



ALTERNATING-CURRENT MACHINES. 



the current in it adjusted by moving its iron core in 
out. 

It might be here remarked that if the transformer 
suppUed with current from a rotarj' converter, the E.M 
balance described in Exp. 2 cannot use direct current fn 
the same source as that which runs the converter, ev 
though they be put on opposite sides of a three-w: 
system. A separate source of direct TT. J/. /^ must in su 
case be supplied for the balance, either from a separa 
direct-current generator or from a sufficient number 



To Load 




and Balance 



'o »// 



17: 



cells of storage battery. If, however, the alternating cu 
rent be passed through another transformer before bein 
applied to the one under test, this trouble does not arise 
but the introduction of the second transformer has a di. 
turbing effect on the wave-shape. 

It will be seen that the a]^paratus is merely an elabon 
tion of that in Ex]"). 4, a four-way double-pole switch bein 
used instead of the two-throw switch of the former exper 
ment. This switch is conveniently made of mercury cup 
in a block of wood. Eor the i k. w. transformer at 581 
1 16 volts, the reading on A^^^ should be about 4.4 amperes 
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Suitable values for the non-iiicluctivc resistances arc, fl^ = 
2.2 uhms, /i, = 4.4 ohms. Those must he able to carry 
the CMrrcnts without overheating, and must not be allowed 
to change thdr resistance due to change of temperature. 

Proceed as directed in l-.x[>. 4, t,iking readings cvcri,' 
twelve electrical deforces throughout half a cycle. Take 
I all four readings liefore moving the contact-maker. 

Plot the four curves of Ex]). 17 on one jKiper, and those 
I of F.xp. tS on another. In each case degrees will be 
f the common abscissie. Iloth pressure curves of either 
Icxperiment must be plotted to one scale of ordinales, both 
Kcurrcnt curves to another. Careful wi>rk will show a 
tjihasc difference slightly less than tSo" between the 
f^primary and secondary pressures and currents, particiitarly 
in Kxp. IS. 



114. Exp. ig. Calculation and Itfeasurement of tbe 
Mutual-inductance of Transformer Coils at No Load. — 

({/) Measure ilic sctf-imliictaiicL- of ihi.- ]iriiH;ir)' and 
of the secondary coils by the methixl of lis. 5. first ixirt, 
the coil not under lest being left open^circuitcd. 

(i) Do the same by the mctho<l I'f Fixji. 5. »ei~ond part. 
The results in the two cases should be alike if attention is 
paid to the following [wiint. In measuring the primary 
inductance, apply the rated voltage so that it will send 
the charging current. In measuring the secondar)-, adjust 
the impressed voltage so that just such a current will flow 
as will give the same ampere-turns in the secondary as 
there were in the primary when it waa Iwing measured. 
If this precaution be not taken, the results will be changed 
by tbe ePfect.-* of varying load, acconHng I0 Exp, 7. 

(<*) Using the avcra^ uf the values of Z., and /., as 
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found in (a) and (d), calculate the value of AT on the 8 
position of no magnetic leakage, from 

M = VZ. 4. 

(^) Measure the mutual induction by the method 
Exp. 8 a, taking care that the ampere turns are the sa 
in each case, and the same as were used in (a) and (6). 

This last result may be slightly less than that arrivec 
in (c) because of magnetic leakage. 

Care should be taken throughout that the frequency 
kept constant. 

115. Exp 20. Practice in Three-Phase Transfon 
Connections. — Three similar i to i transformers may 
conveniently used for this experiment. The student r 
have to exercise some ingenuity in determining the di 
tion of winding in the coils. When each of the follow 
connections has been made, excite the primaries by a thi 
phase current, and measure the pressure between eacl 
the secondary wires, seeing that all three sides have 
same and the expected voltage. 

((7) Connect both primaries and secondaries in Y, 
shown in Fig. 88. See that B^ = E^^. Then make 
secondary a three-phase, four-wire system, and see that 
voltage between any outside wire and the middle wire 

(b) Connect both primaries and secondaries in A, Fig. i 
and see that /:". r= E. Disconnect one transformer fn 
the circuits, and observe that the three-phase pressure 
still maintained in the secondary. 

(c) Connect the primaries in Y. and the secondaries 

A, as in Fig. 90. Observe that A, = -/. 

V3 



i 




(c/) {'onncct the primaries in A, and the secondaries in 
Y, as in I'ig. 89, with a four-wire secondary system. Ob- 
serve that, with reference to the outside wires. B,, = V3 E^ 
while considering any ouiside wire and the middle wire, 
E, = £■,. 

116. Exp. at. External Characteristic of an Alter- 
nator. — Run the alternator at mimial s[>eed and field 
excitation, both being kept constant during the ex|)erinient. 
Arrange a variable non-induct ive load — lamps preferably — 
so that rejidings can be taken from a load to io% overload 
at suitable intervals. At each step note the armature 
current and the terminal pressure. 

Plot a curve with currents ns abscissa;, and |)ressures as 
ordinate s, 

117. Exp. 32. Field Compounding Curve of an Alter- 
nator. — Run the alternator at constant rated speed. 
Arrange a variable non-induclivc load of lamps, ranging 
by suitable slq>s from o load to 50'/. overloail ; iit each 
step adjust the field current, so that the rateil terminal 
voltage is maintained. Take simultaneous readings of field- 
current and armature current. 

Plot a curve with armature currents as ordinates, and 
field currents as abscissx. 

Note that the speed must be kept constant, that the 
terminal pressure must be kept constant, and that read- 
ings should be tuken only with ascending ^-alues of field 
currents, as magnetic rctentivity will distort the curve 
somewhat if the fichi current is run too high, and then 
brought down to the required point. 



ti8. Exp. 23. 
nator. - Run the 



Mo-Load Sataration Curve of an Alter- 

alternator al constant rated H[x;ed, and 
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excite the fields from zero up to full excitation, taking 
suitable intervals, readings of the field current, and 
no-load armature voltage. Repeat, carrying the excitat 
from full excitation down to zero. 

Plot the two curves on one sheet, using field currents 
abscissae, and terminal pressures as ordinates. The t 
curves will not exactly coincide, because of the magn< 
retentivity of the iron. 

Care must be taken always to adjust the field current 
increasing from a lower value to a higher when taking ' 
ascentling curve ; and by decreasing from a higher value 
a lower when taking the descending curve. 

119. Exp. 24. Full-Load Saturation Curve of an . 

ternator Arrange apparatus as in Fig. 178. The alt 

nator is a i k. w. 80 volt, single-|)hase machine. T 
machine is i^ivon a non-inductive load of lam|)s, and 
hcavv current rheostat which has zero resistance on t 
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D.C 




1 

^.^\\^AA. 



Fig. 178. 

hist point. Run the alternator at its rated speed. Ma 
the resistance of the external circuit zero — i.e., .short-circi 
it throui;h the ammeter. Adjust the field rheostat to i 
maximum resistance, and close the field switch. Increa 
the excitation by manipulating the field rheostat until tl 
rated full-load current is flowing in the external circuit, ; 
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shown on A^y Take readings of the field amperes, and the 
terminal volts, the latter being zero at this step. Increase 
the resistance of the armature circuit by a suitable amount, 
and readjust the excitation till the rated full-load current is 
again flowing in the armature, and take readings of field 
current and terminal voltage. Repeat at suitable steps 
until full field excitation is obtained. 

Plot a curve on the same paper, and to the same scale as 
that of ]i\\\ 23, using field currents as abscissa?, and 
terminal volts as ordinate.s. 

Take hec*d that readings are always taken with ascend- 
ing values of field current, and when the ammeter in the 
armature circuit shows rated full-load current. The speed 
must be kept constant. 



120. Exp. 25. Synchronous Impedance of an Alterna- 
tor.— As stated in § 38, the synchronous imjx^danct of an 
alternator varies somewhat with the load, but is practically 
constant at all excitations ; hence its determination is easily 
accomplished in the following manner: — 

Arrange the apparatus as shown in l^'ig. 179. Run the 
alternator at its rated speed. Hy means of the field rheo- 
stat cut the excita- 
tion down to a mini- /c?=^a 
mum. Short-circuit 
the armature 
through an am- 
meter and switch 
as shown. Adjust 
excitation so that 
the ammeter shows about I full-load current, and note the 
ammeter reading. Open the switch in the armature cir- 
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cuit and note the terminal volts. Close the switch, r 
just excitation so that the load is increased by a suit 
amount, and repeat the readings. Repeat until a lim: 
reached, either because full field excitation has been 
tained, or because the machine is being too severely 
loaded. Which of these two conditions arises first depc 
upon the synchronous impedance of the machine. 

Calculate the synchronous impedance for each sei 

readings from 

- _. open circuit voltage 

oyn. Imp. = . ; ; > 

short circuit current 

when the readings are for the same excitation and spee 
Plot a curve with armature currents as abscissae, and 

values of the synchronous imi^edance as ordinates. 
Particular attention should be paid that the speed 

kept constant, as it is liable to rise on throwing off 

load. 

121. Exp. 26. Core loss of an Alternator. — The c 

loss of any armature is determined by measuring the < 
ferenco in power required to run it with and without fi 
excitation. With an alternator this is most easily done 
running the armature by a rated motor and observing t 
power input thereto. It is desirable to have the quant 
sought as large as j)ossible in comparison with the quai 
tics observed ; hence the rated motor used should be 
small as is j^racticable. 

The alternator must be driven at its rated speed, and t 
pulleys .so pro|)ortioned that the motor will run at its rat 
speed also ; or else a special efficiency curve of the mot 
must be obtained for the speed at which it will be requir 
to run. 



i 



I 

I 



A wattmeter placetl in the motor circuit will indies 
the puwcr input thereto ; or, if it be a (lirccl-currerU t 
a voltmeter and ammclcr can be used. 

Ixl v4 = watls input l« motor when thu alicrn^i 

is not excited, 
and m=:«Qicien(:y n( inntor .it ihis input. 
I^t .5= walls input to motor when the aUcrnator fields 

are fully excited, 
and n=eflicieiicy of motor at this input. 



Then the core lot 



z Un- 



It is well to rc|x.-at the measurements a number oT 
and average the results. 

Since the losses in shafting and belting arc practically 
the same at ull loads, these do not affetl the accuracy' of 
the results. 

132. Exp. 27. Complete Test of a i-H.P. Three*Phaso 
Induction Motor. — As a tt-st n[ the motor inTform-mce 
. solely, the voltage at the motor terminals should he kept 
■ constant throughout the test. This may easily be accom- 
pplished if the motirr is run from a sc[iarate alternator. If, 
however, it is run from an inverted converter, and partictj- 
larly if the desired voltage ha-s to be obtained by transfor- 
mation, there will he a slight drop ol vohage as the load 
:s. 

• the powcT'factof in this test will run from \ery 
IT to about 80^, the method of measuring Ihrec-phasc 
K>wer shown in ('ig. l6g will be used, as it requires but 
toe hislniineni rk-ading, and lcad» tif no uncertainly as to 
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algebraic signs. The apparatus used is simply an^ 
ter, a voltmeter, and a wattmeter connected into tl 
circuit. Fig. i8o shows the arrangement, the t^ 
meters not being used at once, but being alternatii 
for high readings, the other for low, — thus 
greater accuracy over a wide range. The mot< 
stalled takes about 1 8 amperes ; so this is its m< 
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Motor 
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Fig. i8o. 

starting current. Care must be taken in starting u] 
the measuring instruments are not injured by such i 
of current. The lari^er wattmeter has a capaci 
2.5 K. w., and a 25-ampere limit ; the smaller a ca] 
for 300 watts, and a 5-ampere limit. Either of the 
well as the voltmeter, will stand the rated motor pre 
— 1 10 volts. 

The power output of the motor is absorbed in a 
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brake, as shown in Fig. 181. With a 4.5" pulley at 1800 
revolutions the spring Ixilances should have ranges of 
about 30 lbs. and 4 lbs. respectively. 

The motor must be supplied with current at its rated 
voltage and frequency, and the frequency must be kept 
constant throughout the experiment. 

Observations. — Take readings at suitable 
intervals, — say steps of 4 lbs. each on the 
larger scale, — from no load to the stalling 
of the motor. Do not leave the motor 
stalled, as it overloads the instruments. 

At each step take readings of the watt- 
meter, ammeter, voltmeter, both spring 
Ixilances, and the speed of the motor. 

Repeat the exjK'riment three times with 
fiftcon-minute intervals l^tween the rejx'ti- 
lions. The .scale readings, /', will be the 
same, at any one step, for all three trials, and the other 
values can be averaged to jxirtially eliminate errors of 
observation. 

Calculations. - losing the average values of the three 
readings at any one stei). fill out the following table :- -- 
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12 

(i) Watts output = 746, 

33,000 

where 

d = diameter of pulley in inches. 

V = revolutions per minute. 

(/* — /*') = difference in scale readings in pounds. ; 

(2) Watts input = 3 X wattmeter reading. 

(3) Volts at terminals = voltmeter reading. 

(4) Amperes per phase = ammeter reading. 

(5) Volt-amperes input = V3 X volts at terminals X 

per phase. A 

/^x T^ r ^ Watts input 

(6) Power-factor % = r^r-^ ^ X 100. 

^ ^ ' Volt-amperes mput 

/ X i^^ni • ^/ Watts output 

(7) Lfhciency ^L = ^,r .^^— X 100. 

^'^ ^ '^ Watts mput 

/nx * or ' Watts output 

(8) Apparent emciency = ,^-, -. X 100. 

^ ^ '^ •' volt-amperes mput 

^/ _ V 

(9) Slip 1. = - ^,,^ > 



/ 



where 



F = revolutions per minute, 

/ = frequency, 

/ = number of pairs of poles. 

Plottiui^ of Cunus. — Plot eight curves on one \ 
All the curves will have watts output as abscissae, 
points of 257^,, 50'/, 75*}.', 1007;, and 1259^ of full 
should also be indicated. 

The ordinates for the first seven curves are taken 
columns 2 to 8 respectively. 
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The ordiiiates for the last ciirvi; are fmintl l>y subtract- 
ing the per cent slip from lOO^,. 

Curves should be marked with the names appearing at 
the heads of the columns from which their ordinatcs were 
taken. The curves from columns 2 and 5 should be to 
the same stale of ordinatL-s, Those from columns 6, 7, 8, 
and 9 will all have the same scale of ordinatcs. which will 
be per cents, and should run from o lo 1 00^ . 

There will thus be four scales of ordinates, and they 
should he marked respectively, "Watts or Volt Amperes," 
"Volts," "Amperes," and "Per Cent." On the margin 
slate ihi; luinie and size of the machine, and the date of 
test. 

123. Eip. 28. Complete Test of a I H.P., Three-Phase 
Induction Motor, run on a Single-phase Circuit Through a 
Condenser-Compensator. -^ The function of the tondenser- 
comiwnsatnr was discussed in § 67. The arrangement o( 
apparatus is shown in Fig. 182, Another wattmeter and 




another ammeter may be used to alternate with those 
shown to secure greater accuracy in the lower ranges if 
considered ad\'isable. 

The same absorption dyniamomcter in used as in Kxp. 
27 ; and the directions there given for taking obson'atians. 
and for calculating and plotting rcsuhs. should be followed 
with the following exceptions : take readings at 2-lb. step^ 
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since the motor is half the size of the other ; since tliis 
single-phase, the wattmeter readings go direct in colui 
2, and the products of the volts by the amperes go dir 
in column 5. 

It may be found that the capacity of the condens 
compensator has been so proportioned that in plotti 
the results, curves 2 and 5, and also 7 and 8, will be nea 
coincident, and that curve 6 is practically a straight he 
zontal line. 

124. £zp. 29. Methods of Synchronizing. — Synchi 
nous motors and also converters must be synchroniz 
before being connected to the mains from w^hich th 
receive their power. There arc a number of ways 
doing this, of which the best depends upon attendant c 
cumstances. {a) The motor and generator may be el( 
trically connected while at rest, and the latter started i 
slowly, the motor — not loaded — then starting up ai 
running synchronously. {/?) The field circuit of the mot 
may be left open, and the armature started up — witho 
load — as an induction motor until near synchronism, ai 
the field switch then closed. In large machines th 
endangers the insulation of the field coils, (c) The arm 
ture may be brought to speed mechanically, either by 
small direct connected induction motor or by a belt froi 
some m(wing pulley. ((/) In converters the machine ca 
1)0 started and brought to speed from the direct-currer 
end like a direct-current motor, if there be direct cu 
rent available. This requires a starting-box and a fiel 
rheostat. 

The two convenient methods for synchronizing th 
I K.w. three-phase converter are (6) and {(/) ; the forme 
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will be pnifticecl in Kxp. 30, thu Inttcr is the snhjircl for 
the present experiment. 

Arrange the apiMnilus as shown in Fig. 183. At 
starting, the field coils uf the cunvcrter must be excited 
from the source of direct current, but when rimning as 
a converter the machine must be excited from its own 
brushes. This necessitates the two switches, a and b. 
These switches must not be both open at once, at least 
while the machine is running from the direct-current end; 
and if they are not rightly connected the dircct-ctirrcnt 




source will be short -circuited when they are both closed at 
once. It is best, after the set-up is made, to test acrou 
the switches with a voltmeter. The switch must not Iw 
closed if any pressure shows acnjMS the g;ii» it is intended 
closing. 

When the connection.'* have been properly made, open 
the main switch and switch */, close switch b and the 
switch from Ihc direct -current source of supply, and start 
the machine up as a direct-current motor. \Mien the 
starting-box is completely on, first close a, then open b. 
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Then manipulate the field rheostat until the macl 
reaches synchronism. The synchronizing lamps will 
be dark at once when the machine is in step. W 
the periods of darkness become quite long, say sev* 
seconds, the main switch can be closed, the switch fi 
the direct-current source be opened, and the machine 
be running as a self-excited converter. 

If all the lamps do not get dark at once, but two $ 
lighted while the other is dark, the generator currents 
in such directions as to tend to reverse the direction 
rotation of the converter armature. Two of the lead 
the alternating-current circuit should then be transpoj 
It might here be noticed that if an inverted converter 
used as a source of alternating currents, and it be desi 
to synchronize another converter with it as descri 
above, and if an Fldison three-wire system be the comr 
source of direct-current supply to these machines, t 
care must be taken that both converters are connectec 
the same side of the system. If they be connec 
to opposite sides, then when the machines are in s 
there is a pressure of 117 volts across the main swit 
and closing the latter would naturally cause the blow 
of some fuse. 

125. Exp. 30. Variation of Lag or Lead of Curr 
in a Three-Phase i K.W. Synchronous Motor. — Arrai 
the apparatus as in Fig. 184. Either the 3 or the 
ampere ammeter can be j)ut in circuit, according to the lo 
Remember that in starting up there will be an excess 
flow of current. 

The direct -current brushes on the machine may 
removed for this experiment. Synchronize the motor 



4 



TESTS. 



247 



letting it run as an induction motor till near synchronism. 
Then close the field switch, having first adjusted the 
rheostat, so that about normal field current will flow. The 
machine w411 fail to go into step if this adjustment is not 
made. Premature closing of the field switch is also a 
cause of failure to synchronize. It is easy to tell if the 
machine goes into step or not. If it docs, the current in 
the armature circuit goes down ; if it does not, the machine 
slows down and even stf)ps, and the current goes up. 

(d) When the motor is synchronized, reduce the field 
current as far as possible, without losing step. In some 
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machines it may Ixi reduced to zero, the residual magnet- 
ism affording enough field to keep the armature syn- 
chronized. From this point increase the field current by 
suitable .stej^s to the maximum allowable current, or until 
the machine loses .synchronism. At each .step note the 
field current and the armature current. Then from the 
maximum field current, decrease to the minimum by 
the same steps, taking readings again of the two ammeters. 
Due to magnetic retentivity the two curves will not 
coincide. 

Plot the two curves on one paper, using field currents 
as abscis.sa\ and armature currents as ordinatcs. 
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That excitation at which the no-load armature curren 
a minimum, is called the normal excitation of a s 
chronous machine. 

{b) Repeat the foregoing, save that a strap-brake loac 
applied to the motor. This load should be adjusted 
about 75% of full load, and left constant. It will 
found that the motor will not submit to so wide 
range of field currents when loaded as when runni 

light. 

Plot these curves on the same sheet. 

126. Ezp. 31. Commercial Efficiency of a Synchrc 
ous Motor. — The same arrangement of the same ap| 
ratus is here used as in Exp. 27, save that it is applied 
a three-phase synchronous motor, whose field coils mi 
be separately excited from a direct -current source, ai 
with a suitable rheostat in series. 

Synchronize the motor by the method of Exp. 30, beii 
careful that the excessive starting current does not pa 
through the coil of the low-reading wattmeter. When tl 
armature is in step, adjust the field rheostat to give norm 
excitation ; i.e., so that the armature current is a minimur 
This adjustment must not be changed during the expei 
ment. The frequency should be kcj)t constant, and th 
voltage also if possible ; if not, account should be taken ( 
its fall, and a voltage curve drawn on the same sheet as th 
efficiency curve. 

Load the motor by the strap-brake shown in E.\p. 2} 
increasing by suitable stops from zero till the motor fall 
out of step. At each step read the wattmeter and th< 
two spring balances. Repeat the experiment three times 
each time stopping at the same points on the larger sprinf 
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balance, so that the other values can lie avcnijjcd. reducing 
errors of observation. 

Plot a curve with watts oiil|iut and [x;r cent (if liiati as 
abscissa^ and per cent efficiency as ortliiiates. 

127. Exp. 32. Curves of Current and Power-Factor 
of a Synchronous Motor, with (,ii Super-Excitation, and 
i/j) Sub-Excitatiun. — 1 iic ariangcmcnt nf a[)p:ii;itiis is llial 
of Exp, 27, applied to tlic synthmnous motor. 

For the first part of the experimcnl. the fields should be 
excited by a current about 50*^ p-eatcr than the normal 
field current, and for the second part by a current about 
^o'fl, less. The frequency and the voltage should be kept 
constant. 

For each part load the motor with the strap-brake, in- 
creasing from zero by suitable steps till the arm,-ilure falls 
out of synchronism. At each step take readings of the 
ammeter, vollmeler. and wattmeter, as well as of the two 
spring balances. Keix-at each jKirt three times, averaging 
the results. 

Tubulate the results under Cf>Iumns headed " Watts Out- 
put," " Wat Is Inpul," ■' VoU-am|H:res Input," and "Vower- 
faclor." 

Plot on one pafKrr the curves for I he suixrr-exciled 
condition, makuig watts output the common absciss:c, and 
armature currents and power-factors respectively the 
ordinates. 

Plot on another shci-t similar cun'cs for the #iub-cxcilcd 
condition 

128. Exp. 33. External Characterlnle of a ConTcrter, 
A.C. to D.C. with Setf-Excitatlon. - Arrange apparatus 
as ill Fig. 183, Exp. ;:<> When the convener U ruaniii|; 
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from the alternating end, and free from the source 
direct-current supply, adjust the field rheostat to tl 
point that gives a minimum armature current at no la 
If this point is not already known, it will be necessa 
to put the 15-ampere ammeter in one of the alternath 
current mains to determine it. 

When the above conditions are fulfilled, load the dire 
current end of the converter with lamps, from o up to 5c 
overload (say 15 amperes), by steps of about one ampe 
each. At each step take readings of the armature curre 
and the terminal pressure, using the standard direct-curre 
instruments for the purpose. 

Plot a air\'e with armature currents as abscissae, ai 
terminal pressure as ordinates. 

129. Exp. 34. Efficiency of a Converter from A.C. 
D.C. — The arrauij^ement of apparatus is that of the la 
cxiKTiment with the addition of a wattmeter suitably co 
nocted in the alt ernatiuij: current mains to measure tl 
l>ower input. In fact, all tlie necessary data fi)r P2xp. ^ 
are incidentally secured in the course of this exj^eriment. 

Run aiul excite converter as in the last experimen 
The frequency anil the voltage should he kept constar 
The tlirect -current end is to be loaded with lamps by sui 
able steps from o to 50',' (n-erload. The watts input C2 
be determined from the wattmeter readini^, the watts 011 
put from the product oi the voltmeter and the ammet< 
reatlini;". 

Plot an efficiency ciu've. 

NoTK. — The l>rush friction of ihe direct-current brushes may be i 
great that the converter cannot l)e synchronized by the method of starlir 
as an induction motor, the slip being so great as to prevent its picking n 
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e lield drcnit it doted. In Huch case either the direct -rurreM 
It be temporarily removed, or (ho michinc muil be lyiKhioniied 
by loiiie of ibe oilier ine(bod( ^ven in Exp, ii^. If the cunvcncF huiiis so 
badly as to inierieie witli the jiisirDineni reading*, it auty he tmanse the 
direct-current brushes arc not in proper adjoMment. and the aelection of a 
better commulatinf; plane will remedy the tioable. 

I 130. Exp. 35. Efficleocy of an Inverted Converter. — 
^iince it is inconvenient to put a variable, mm -inductive, 
balanced load tin a three-phase circuit, the sin(;Ic-phnsc 
rings will be used in this experiment. 

The arrangement of apparatus requires a direct -current 
ammeter and voltmeter on the D.C. end. and a wattmeter 
on the A.C. end. Or two wattmeters can be used if avail- 
able. The converter is started from the /J.C. end by 
means of a starting- box, the field rheostat is adjusted until 
the armature is running at its rated spcal. This speed 
must be kept constant during the test by manipulating the 
rheostat. A non-inductive load is applied to the A.C. end, 
increasing by siiit.iblc steps from O to ^Of^ overload. 

Plot an efficiency curve and an external characteristic 

^urvc. The latter will approximate a straight horizontal 

lae, being mnch better than that secured in Kxp. 33, bc- 

ause, in this case, the field current is unaffectetl by any 

■op of voltage in the armature. 
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[The figure* refer to iMge numbers.] 



Admittance of circuit, 45. 
Ageing of iron, 123. 
Air-blast transformers, 128. 
All-day etficiency, ly). 
Alternating current, definition of, i. 
Alternations, definition of, 1. 
Alternators, Hullock, 89. 

core loss of, 238. 

efficiency of, 72. 

external characteristic of, 235. 

field com|x>unding of, 235. 

General Klectric Co.'s, 76, 78,87. 

inductor, 80. 

load losses of, 73. 

parallel running of, iTkS. 

revolving field, 85. 

saturation curve of, full -load, 
236. 
no-load, 235. 

single phase, 5" 

Stanley, Si. 

Warren, 85. 

Westinghouse, 76, c)i. 
Aluminum line wire, 1S9. 
Angle of lag or lead, 10. 
Average values of pressure and cur- 
rent, S. 
Apparent resistance, 25, 45. 
Armature, E.M.F. generated in, 62. 

inductance, 68. 

reaction, 67. 



Armature: 

windings, 65. 
Auto-transformer, 94. 

connections of, 121. 

Brake, Prony, 241. 
ItuUock alternators, 89. 

Calculation of leakage flux, 108. 

resulting impedance, 50, 224. 
Capacity, measurement of, 213. 

of circuit, 45. 

of condenser, 29. 
formula for, 31. 

of transmission line, 193. 

reactance, 40, 45. 

unit of, 30. 
Ontrifugal clutch pulley, 152. 
Characteristic of alternator, 235. 

of converter, 249. 

of inverted converter, 251. 
Chemical solution to detect current. 

204. 
Choke coils, 28. 
Circuits, time constant of, 21. 

with A*, Z, and T, 4a 
Coefficient of leakage, 71. 

of saturation, 70. 

of .self induction, 16. 
Combined method, measuring power, 
I 218. 
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Commercial efficiency of synchro- 
nous motor, 248. 
Compensated winding, 78. 
Compensators, 94. 

connections of, 121. 
Composite winding, 74, 76. 
Compounding curve of alternator, 

235- 
Condenser, hydraulic analogy, 37. 

compensator, 154. 

capacity of, 29. 

formula for, 31. 

electrolytic, 31. 

Condensers, 29. 

in parallel, 32. 

in series, 33. 

Conductance of circuit, 46. 

Connections of transformers, 115. 

Constant current transformers, 130, 

potential, regulation for, 57, 

Converter, 169. 

armature heating, 175. 

reaction, 177. 

current relations in, 173. 

efficiency of, 250. 

E.M.F. relations in, 171. 

external characteristic of, 249. 

inverted, 170. 

efficiency of, 251. 

external characteristic of, 251. 

regulation of, 179. 

starting of, 177. 

Cooling of transformers, 128. 

Copper loss in transformers, 104. 

weight of, for lines, 197. 

Core flux in transformer. 92, 125. 

loss of alternator, 74. 

measurement of, 238. 

of transformer, 9(). 

measurement of, 231. 

type transformer, 92, 125. 



QoMXiX^x E,M.F. of self-inducti< 
Current and pressure relations 
in a condenser, 39. 
transformer, determinati 
231. 
average value of, 8. 
effective value of, 7. 
flow, formula for, 42. 
instantaneous value of, 4. 
lag or lead of, 10. 
magnetic energy' of, 23. 
produced by harmonic E.. 
24. 
Curve, saturation, full load, 236 
no load, 235. 
sine, 4. 

form-factor of, 9. 
('uiA'es from transformer, 231. 
of current and power-fact- 
synchronous motor. 24 
E.M.F., actual, 6. 
distortion of. 9. 
determination of, 205, 
field compounding of alt" 
tor, 235. 
Cycle, definition of. i. 

Decay of current in circuit, 21. 
Definitions of terms. 44. 
Delta or mesh connection, 61. 

of transformers, 119. 
Design of transformer, 133. 
Dielectric hysteresis. 31. 
Dielectrics for condensers, 30. 
Distribution constant, 64. 

Eddy current loss, 9<). 
f-'.ffective values of current and p 

sure, 7, 
Efficiency, all day, 105. 
of alternator, 72. 
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shadowgraph. 3. 


leakage inductance, loS. 
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Indacdon niotors : 

starting of, 150. 

tests of, 239, 243. 

Wagner, 155, 

WestingfaoQse, 143. 
Indnctive reactance, 25, 45. 
Inductor alternators, 80. 
Instantaneous values of current and 

pressure, 4. 
Inverted converter, 1 7a 

Lag of current, la 
Lead of current, 10. 
Leakage coefficient, 71. 

flux, 106. 

inductance, loS. 
Lighting transfonners, 122. 
Line capacity, 193. 

constants (TaWe), 194. 

inductance, 191. 

loss, curves of, 196. 

resistance, 190. 

wre, aluminum, 1S9. 
Linkages defined, 16. 
Load losses in alternator, 73. 
in transformer, 09. 
measurement of, 229. 
Logarithmic change of current, 20. 
Loiiscs in synchronous machines, 73. 

in transformers, c)o. 

in transmission hnes, 186. 

Magnetic energ}- of current, 23. 
Magnetizing current of transformer, 

102. 
Magnitude of self-inductance, 19. 
Measurement of capacity, 213. 

of core loss in transformer, 231. 
of core loss in alternator, 23S. 
of efficiency of transformer, 
228. 



Measurement : 

of load losses in 

229. 
of mutual indu 
of transformer 
of power, polyph 
of power, single ph^ 
of regulation of l| 

228. ;; 

of resulting impel 

226, 228. 
of self-inductance, 81 
Mershon balance, 206. 
Mesh or delta connection 

of transformers, I] 
Methods of connecting 

ers, 115. 
of synchronizing, 244 
Microfarad, detinition of, 
Monocvclic system, i>6. 
Motor, induction, 142. 

behavior of, 149. 

General Electric C 

measurement of 

^39' 243. 
single-phase, 154. 

speed regulation, i 

starting of, 1 50. 

induction, treatment 

former method, 

\Vagner, 155. 

Westinghouse, 143 

starters. General Ele 

151. 

Westinghouse. 151 

synchronous. 158. 

measurement of 

248. 

Mutual induction, measu 

216. 

in transformer coQi 
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Natural draft transformers, 128. 
No-load saturation curve, 70. 
determination of, 235. 
Number of phases for transmission, 
189. 

Oil-cooled transformers, 129. 
Operation of induction motors, 143. 
Operative range of synchronous 
motors, 161. 

Parallel circuits, 226. 
Parallel running of alternators, 168. 
Parallel-series circuits, 227. 
Parallelogram of A'.J/./'/s, 27, 48. 
Peculiarities of A.C. circuits, 203. 
Phase, 10. 

relations in condensive circuits, 

splitters, 153. 
Phases, numl)er of, for transmission, 

1 89. 
Polygon of admittances, 53. 

of /:..!/. /'"s, 41). 

of imi>edances. 50. 
Polyphase alternators, 58. 

currents, 12. 

power, measurement of, 219. 
Power curves, determination of, 

20«>. 

factor, definition of, 14. 
in ,-{.('. ciicuits, 12. 

measurement of, 217-224. 
transmission, 182. 
Po\%er transmission, fretiuency for, 
183. 
voltage for, 185. 
phases for, 189. 
Practical values of inductances. 18. 
Pressure and current relations in 
condenser, 39. 



Pressure and current relations in 
transformer, determination of, 

average value of, 8. 
curves, actual, 6. 

causes of distortion, 5. 
determination of, 203. 208. 
effective value of, 7. 
for transmission, 185. 
instantaneous value of, 4. 
Primar)- of transformer, 92. 
Prony brake, 241. 

Quarter-phase currents, 4. 
systems, 59, 

Ratio of transformation. 92. 

in induction motor, 148. 
Reactance of any circuit, 45. 
of condensive circuit. 40. 
of inductive ciicuit, 25. 
synchronous, 6*4. 

measurement of, 237. 
Regulation for constant |)otential, 

74. 
of converters, I7«^ 

of transformers, 106, 130. 
measurement of, 228. 
Regulator, (icneral Electric Co/s, 
181. 
Stillwell, 180. 
Relations of current and pressure in 
condenser, 39. 
in transformer, determination 
of, 231. 
of A'-.l/.Z-.'s in converters, 173 
ReM stance, apparent, 25, 45. 
of imluctive ciicuits, 25, 44. 
of line wire. i<)0. 
Resonance, .\2. 
Revolving field alternators, 85. 
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Rotary converter, see Converter. 
Rotating magnetic field, 141. 
Rotor, definition of, 142. 



Saturation, coefficient, 70. 
can'es, 7 a 

of alternator, full-load, 236. 
no-load, 235. 
Scott transformer, 118. 
Secondarv of transformer, 02. 
Self -inductance, counter E.M.F. of, 
26. 

described, 15. 
measurement of, 21 1. 
unit of, 16. 
Series circmls, 224. 
Series-parallel circuits, 227. 
Shado\\ graph, harmonic, 3. 
Shape of current wave, determina 
tion of, JOvS. 
of K.M.F. wave, 3. 

determination of, 20 >, 209. 
Shell tyi>e transformer, 92, 123. 
Simultaneous curves from trans 

former. 231. 
Sine curve, 4. 

form factor of, 9. 
Single phase alternators, 57. 
current. 1 1. 
induction motor, 154. 

test, 243. 
power, measurement of, 217. 
Sinusoid. 4. 

Slip of mduction motors. 144. 
Skin effect, 191. 

Solution for detecting currents. 204. 
Squirrel-cage motors, starting of, 
150. 
rotor defined, 143. 
Standard frequenci^, 2. 
Stanley alternator, 81. 



Stanley transformer, 127. 
Star or Y connection, 60. 

of transformers, 1 19. 
Started current, magnetic 

23- 
Starting of induction motors, 

of synchronous motors, 

Stator defined, 142. 

Step-up and step-down traii 

ers, 93. ' 

Stillwell regulator, 180 

Strap brake, 241. 

Susceptance of circuit, 46. 

Synchronizer, 167. 

Synchronizing, methods of, 241 

Synchronous motors, 158. 

hunting of, 163. 

measurement of effid 

24S. 

operative range, 161. 

starting of, 165, 

variation of lag or lead, 

of current and power-fi 

249. 

reactance, 69. 

measurement of, 237. 

Table of line constants, 194. 
Temperature.effect on core loss 
Test of induction motor, 239. 
with condenser compeni 

243- 
I Three-ammeter method for ma 

ing power, 218. 

voltmeter method, 217. 

Three phase induction motor 

239- 
power measurements, 221. 
systems, 60. 

transformations, 119, 234. 
Time constant of circuit, 21. 
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